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Abstract Thermoreversible physical gels of poly(styrene-
b-butadiene-b-styrene) (SBS), formed by the dissolution of
the block copolymer in a mid-block-selective solvent
(THF), have been studied and characterized with particular
attention to their morphology and rheological behavior. The
effects of the addition of silver (Ag) nanoparticles to the
SBS matrix, on the behavior of the physical gels, were also
studied. The external surface of the Ag nanoparticles has
been modified by using as surfactant material, dodecane-
thiol, in order to achieve their confinement in just one block
of the SBS block copolymer matrix. The results of this study
show that the gel stability is not affected by the presence of
Ag nanoparticles. In fact, the micellar domains of the
nanocomposite gel based on SBS block copolymer and Ag
nanoparticles has been obtained and the physical gel
behavior have been confirmed by rheological analysis.

Introduction

Block copolymers (BC) are a class of materials that have
been extensively studied in recent years as versatile systems
for engineering nanotechnologies because of their ability to
self-assemble in nano-ordered structures [1-4]. The self-
assembly processes in copolymers are a consequence of the
microphase separation between the dissimilar chains

L. Peponi - L. Torre - J. M. Kenny (D<)

Materials Engineering Centre, University of Perugia,
Loc. Pentima Bassa, 21, 05100 Terni, Italy

e-mail: jkenny @unipg.it

L. Peponi - A. Tercjak - I. Mondragon

‘Materials + Technologies’ Group, Departmento Ingenieria
Quimica y M. Ambiente, Escuela Politécnica, Universidad Pais
Vasco/Euskal Herriko Unibertsitatea, Pza. Europa 1,

20018 Donostia-San Sebastian, Spain

covalently linked together. The equilibrium morphology of
diblock copolymers is obtained after segregation into
lamellae, gyroid, cylinders, or spheres arranged on a body-
center cubic or hexagonal packed lattice [5-9]. Concerning
the rheological behavior, the low-frequency dynamical vis-
coelastic response of BC gives information about the
miscibility or immiscibility of the components being sensi-
tive to the change in their structure and morphology [10-12].

When exposed to a block selective solvent, BC can form
reversible physical gels [13—-15]. This unique behavior
results from the formation of a three-dimensional network of
physically crosslinked flexible polymer chains. This physi-
cal connection takes advantage of the ability of BC to form
elastic solids via self-assembly, with mid-blocks bridging
aggregated end-block micelles [16-22]. The interaction
between micelles depends on the temperature, the solvent
activity, and on the architecture of the block copolymer. For
example, it is well known that AB diblock copolymers
formed by two incompatible polymer blocks aggregate into
micelles when mixed with a solvent that dissolves one of the
blocks and precipitates the second one [13]. The resulting
microdomains consist of a dense core of A-blocks sur-
rounded by a corona of B-block chains extending into the
matrix of B-selective solvent. Microdomains can have
spherical, rod, or disk shape.

Although two diblock micelles in a good solvent always
repel each other, the bridging of triblock chains between
micelles generates an entropic attraction [13, 23-28]. The
dynamics of bridging plays here an important role. In fact, as
opposed to monomer—monomer attraction in poor solvents,
bridging interactions are not instantaneous. Since the
bridging is an activation process, long-lived, metastable
configurations which are free of bridging are possible. The
theory of bridging interactions, which leads to the formation
of physical mesogels, has been extensively studied [29-32].
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A similar behavior is expected in ABA symmetric
triblock polymer systems. When ABA copolymers are dis-
solved in a mid-block selective solvent, they form gels that
retain many desirable properties of the liquid phase while
adding the ease of handling and robust nature of an elastic
solid [13]. Additionally, the thermoreversible nature of the
gel transition makes these systems ideal from a processing
perspective [18]. They have been used, for example, in
ceramics [18, 19], model pressure-sensitive adhesives [20,
21], and for hydrogels in tissue engineering [25].

Thermoreversibility of triblock gels originates from the
temperature dependency of the interaction parameter
between the end-blocks and the solvent. Systems with
long-range ordering of micelles can be characterized by
two transition temperatures. The first one is the critical
micelle temperature (CMT) at which the end-block
aggregates, commonly referred as micelles, are formed.
The second one is the glass transition temperature (7) of
the slightly swollen end-block domains [13]. In case of
triblock copolymers, however, the polymer mid-blocks at
the core of the microdomains form either loops or bridges,
depending on whether the copolymer end-blocks are
located in the same or in different domains. These features
are reminiscent of biopolymers and, in particular, proteins.
These qualitatively novel effects are thus of inherent
interest within the framework of both polymer science and
the biophysics of biopolymers.

Our discussion is confined to the morphological and
rheological analysis of the physical gel obtained from a
solution of poly(styrene-b-butadiene-b-styrene) (SBS) in
tetrahydrofuran (THF). Moreover, a preliminary study of
surfactant-coated Ag nanoparticles/SBS nanocomposite gel
is also reported in terms of its morphological and rheo-
logical properties. The use of triblock copolymers provides
more flexibility in controlling the gel structure and physical
properties through block length, block composition, tri-
block copolymer concentration, and the choice of monomer
units [10]. In the research reported here, the morphologies
of these materials were analyzed and compared using
atomic force microscopy (AFM), and their viscoelastic
behavior were studied by dynamic mechanical character-
ization at low frequencies. The rheological characterization
of these gels in the range of small deformations is relevant
for many industrial applications [13, 25-31].

Experimental section
Materials
A commercial poly(styrene-b-butadyene-b-styrene) block

copolymer Kraton SBS D-1101 with 31% of styrene, kindly
supplied by Kraton Polymer®, was used in this work. The
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molecular weight and the polydispersion index of the BC
were determined by gel permeation chromatography (GPC).
Tetrahydrofuran (THF) from Sigma Aldrich was used as
solvent. Silver (Ag) nanoparticles P203 were supplied by
Cima Nano Tech®. They had a specific surface area of
4.9 m?*/g and a particle size distribution varying from 20 to
70 nm. To incorporate metallic nanoparticles in the poly-
meric matrix, dodecanethiol (DT) was used as surfactant.

Sample preparation

THF is known to be a butadiene selective solvent, as can be
shown considering its solubility parameter which is very
close to that calculated using the Hoftyzer and Van Krev-
elen theory [33], and reported for butadiene in Table 1.
Therefore, pellets of the copolymer were dissolved in THF
and stirred for 12 h to obtain physical gels (PG-SBS) with
different concentrations (2, 3, 5, 7 and 10 wt%).

The formation of the gel required several days when the
solution was left at room conditions. Nanocomposite gels
(PG-Ag/SBS) were obtained by dissolving the SBS triblock
copolymer in the suspension of DT-Ag nanoparticles in
THF, previously prepared by sonication, using a micro-
processor sonicator 750 W, Vibracell 75043 from Bioblock
Scientific with amplitude of 25%. Sonication was neces-
sary because of the very high surface energy of Ag [34].

Morphological analysis

The morphologies of the SBS physical gels (obtained with
3 wt% of SBS in THF cast on a mica support) and of their
nanocomposite gels were investigated using atomic force
microscopy (AFM). AFM images were obtained in tapping
mode (TM) with a scanning probe microscope (Nanoscope
Ila, Multimode™ from Digital Instruments), equipped
with an integrated silicon tip/cantilever having a resonance
frequency ~300 kHz. The height and phase images were
obtained under ambient conditions with typical scan rates
of 0.5-1 line/s, using a scan head with a maximum range of
16 x 16 pm.

Physico-chemical analysis

Gel permeation chromatography was performed using
Perkin-Elmer LC-235 equipment with a UV detector set at

Table 1 Main characteristics for the SBS block copolymer analyzed

Material PS (wt%) M,, (g/mol) PD 14
PS PB
SBS D1101 31 150,000 1.8 19.08 17.05

M., molecular weight, PD polydispersity index, ¢ solubility parameter
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245 nm and a refractive index detector LC-30 RI. The
mobile phase was THF at a flow rate of 1 mL/min. Number
and average molecular weights were calculated using a
universal calibration method with polystyrene standards.
Perkin-Elmer UV/VISNIR, mod. 135, was used to confirm
the transparency of the gels obtained in this work, and the
UV-Vis spectroscopy was performed by scanning the
samples between 250 and 1200 nm.

Rheological tests

A parallel plates rheometer, Advanced Rheometrics
Expansion System, Ares, with plates of 25 mm diameter
was used; the gap between the plates was around 1 mm.
Three types of experiments were performed: dynamic
temperature ramps, dynamic strain sweeps, and dynamic
frequency sweeps. Dynamic strain sweep tests at a constant
frequency were used to locate the linear viscoelastic (LVE)
region in which G’ and G” were independent on the strain
amplitude. Rheological experiments on the physical gels
were conducted by casting the gel in the parallel plates at
room temperature. Isothermal frequency sweeps at 30 °C
over an angular frequency (w) ranging from 0.05 to
100 s—' were performed at a constant stress chosen such
that the resulting strain was in LVE region. Linearity was
found for the gelling sample when the strain amplitude was
1%. At the end of isochronal dynamic temperature ramp,
tests were performed from 30 to 120°C at a heating rate of
5°C min~' and at a frequency of 6.28 rad s™'. The tem-
perature dependence of the dynamic moduli was measured
on heating and cooling at a strain of 1% and a rate of
5°C min~'. Taking the sensibility of the rheometer into
account, the error of the value of the storage and loss
moduli in each data point was £5%. The transducer
operating range was set to 0.2-200 g cm or 0.2-2000 g cm
depending on the measured torque values. Data were col-
lected and analyzed using Advanced Rheometric
Expansion System software.

Results and discussion

SBS gels obtained by dissolution of different concentra-
tions of the block copolymer (3, 5, 7, and 10 wt%) in THF
were analyzed. To confirm their transparent behavior, UV—
Vis spectra are reported in Fig. 1. The absorbance values
very close to zero for the different PG-SBS confirm the
transparency of these gels in the visible light range. In
Fig. 1, the spectrum of the PG-Ag/SBS is also reported,
showing that the nanocomposite gel is also transparent in
the visible light range. The rheological analysis for both
chemical (covalent cross-linked) and physical (reversible
association) gels is very important to investigate their
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Fig. 1 UV-Vis spectra obtained in the visible range for the SBS gels
obtained for different TFH concentrations: 3, 5, 7 and 10 wt%, and
for the gelled nanocomposite

viscoelastic behavior. The liquid-like or solid-like behavior
of a material can be determined by analyzing the dynamic
moduli at low frequency. The typical rheological behavior
of a viscous fluid, such as a polymer solution or melt, is
characterized by a dynamic storage modulus G’ smaller
than the loss modulus and by a dependency of both moduli
on the angular frequency () in the low-frequency region:
G ~ w* and G’ ~ . On the other hand, the solid-like
behavior is characterized by a storage modulus signifi-
cantly larger than the loss modulus and frequency
independent at low frequencies.

The rheological behavior in terms of storage modulus
(filled square), loss modulus (unfilled square) of the PG-
SBS at 3 wt% is reported in Fig. 2. It is worth to note that
G’ values are much higher than G” throughout the entire
range of investigated frequencies; thus, indicating that the
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Fig. 2 Frequency dependence of storage (filled square) and loss
(unfilled square) moduli and complex viscosity #* (filled square) for
PG-SBS at 30 °C
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sample gel presents a typical solid-like behavior. However,
the complex viscosity does not reach a plateau value in the
entire range of frequencies.

The viscoelastic nature of the physical gel obtained is
confirmed by the plots of Fig. 3, where the values of log of
G’ and G" are reported as a function of the frequency at
different temperatures, the set of curve obtained is typical
of superimposible viscoelastic curves.

The rheological analysis of PG-SBS samples has con-
firmed the thermoreversible physical gel behavior. In fact,
as shown in Fig. 4, PG-SBS looses its solid-like behavior
when heated above 80 °C. Moreover, the results reported
in Fig. 4 show that the reversibility of the gels was
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Fig. 3 Frequency dependence of storage (filled square) and loss
(unfilled square) moduli for PG-SBS repeated at different temperature
from 30 to 70 °C
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Fig. 4 Isochronal temperature ramps (y = 1%, w = 1 Hz, heating/
cooling rate = 5 °C/min) from 40 to 120 °C for PG-SBS. Compar-
ison in terms of G’ for five heating/cooling cycles (for clarity, only the
heating cycles are reported)
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preserved when thermal cycles were applied in the interval
(40-120 °C). Indeed, the gelling behavior of the sample
was maintained up to the fifth heating ramp. In fact, the
shape of viscoelastic relaxation spectrum shifts to higher
storage modulus values with increasing the number of
heating/cooling cycles, thus indicating a slight hardening of
the material, up to the fifth cycle, which could correspond
to the beginning of the loss of the gelling ability of the SBS
block copolymer.

Figure 5 reports the viscoelastic behavior of the same
SBS physical gel reported in Fig. 4 during the fifth heating/
cooling cycle test. The hysteresis behavior of the gelling
sample is still detectable after five cycles. It is worth to
note that even in the fifth heating/cooling cycle, gelation,
indicated by the plateau in G, is clearly evident. Another
important aspect is that, the constancy of the thermally
induced reversible gelation upon several cycles implies that
the as-cast gel was in the equilibrium state [10, 13].

As discussed before, the bridging forces are responsible
of the solid-like behavior shown by these samples. How-
ever, once the shear stresses are high enough to exceed the
cohesion limit (yield stress), the physical bonds break
down and the product behaves as a fluid. The roughly
parallel decline of G’ and G with decreasing frequency
(Fig. 3) is unusual when compared to the behavior of bulk
BC [13]. This property of the gels may have implications
for the network-induced memory effect [1].

The different viscoelastic behavior of the SBS-1101
film, and of its gel, can be correlated with the micro-
structure of the samples analyzed. Figure 6 shows TM-
AFM height and phase images of SBS-1101 film in THF

10°
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10" G' - heating

m

- F K—
10°- G" - cooling o

N

10°- G" - heating

logG’,log G"~ (Pa)

10‘ T T 1
40 60 80 100 120
T (°C)
Fig. 5 Isochronal temperature ramps (y = 1%, @ = 1 Hz, heating/

cooling rate = 5 °C/min) from 40 to 120 °C for PG-SBS. G’
corresponds to the fifth heating/cooling cycle. The heating ramp is
characterized by filled square, while G" by unfilled square. Whereas,
for the cooling ramp G’ is characterized by filled circle, and G is
characterized by unfilled circle
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Fig. 6 TM-AFM height and
phase images of SBS-1101
(in 3% THF solution)

solution. This film is not submitted to annealing treatment,
and is compared to the morphology of the PG-SBS. In
Fig. 6, the cylindrical nanostructure, characteristic of the
not annealed films of SBS block copolymer it is well
evidenced.

Figure 7 reports TM-AFM height and phase images of
the physical gel obtained from SBS block copolymer and
THF (3%). In particular, micellar domains with bridge
conformation characteristic of gel materials can be detec-
ted. Since the bridging is an activated process [10], long-
lived, isolated metastable configurations which are free of
bridging are also observed.

It is interesting to note that by incorporating Ag nano-
particles in the SBS solution gelled nanocomposites of Ag/
SBS can also be obtained. PG Ag SBS nanocomposites
were prepared with the same technique followed in the case
of pure SBS and to reach an uniform dispersion of Ag
nanoparticles in the SBS matrix, DT was used as surfactant
with a DT-Ag weight ratio of 1 [34, 35].

Fig. 7 TM-AFM height and
phase images of PG-SBS
(3 wt% in THF)

3.00 ym 0 3.00 pm

In Fig. 8, TM-AFM height and phase images of PG-Ag/
SBS (1 wt% Ag with respect to SBS, 3 wt% SBS with
respect to THF) are shown, while in Fig. 9 the same images
are reported for a SBS-nanocomposite film with 1 wt% of
Ag nanoparticles. It is possible to observe that the mor-
phology of the two nanocomposites is remarkably
different. In fact, in the solvent cast film, PS cylindrical
domains are detected, while the micellar structure is once
again detectable analyzing the nanostructure of the physi-
cal gel reinforced with 1 wt% of Ag.

In both cases, well-dispersed Ag nanoparticles confined
in the PS block are clearly observed. Furthermore, as
expected from the solubility parameters [34] calculated
based on the Hoftyzer—Van Krevelen theory (Table 1), the
DT-coated Ag nanoparticles show better affinity for the PS-
block of the SBS block copolymer matrix (i.e., 3(DT) =
19.2) [34, 35].

Finally, the physical gel behavior of the PG-Ag/SBS
nanocomposites has been confirmed by rheological

3.00 pm 0

3.00 um
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Fig. 8 TM-AFM height and
phase images of PG-Ag/SBS

Fig. 9 TM-AFM height and
phase images of Ag/SBS
nanocomposite
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Fig. 10 Frequency dependence of G’ (filled square) and G (unfilled
square) for PG-Ag/SBS at 30 °C

analysis (Fig. 10). The gel behavior of the Ag/SBS, with
1 wt% Ag nanoparticles, is clearly evidenced by G’ values
higher than G’ values, almost independent of the

@ Springer

3.00 pm 0 3.00 pm

3.00 pm O

3.00 pm

frequency, and by the absence of the cross-over between G’
and G”. It is worth to note that both G’ and G”’ values for
the nanocomposite gel are higher than those corresponding
to the PG-SBS, shown above. In particular, the higher
values of G’ and G” for the nanocomposite gel indicate that
the Ag nanoparticles embedded in the PS block of the SBS
physical gel act as a hardening agent. Moreover, a higher
increment in terms of G with respect to G’ indicates the
less elastic behavior of the nanocomposite gel with respect
to that of PG-SBS. A specific study on the stability and
reversibility of the PG-Ag/SBS nanocomposite will be
objective of the future work.

Conclusions

The ability of SBS triblock copolymer to form physical
gels in solution with a mid-block selective solvent (THF)
has been analyzed in terms of viscoelastic behavior and
nanostructure morphology. From a rheological point of
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view, the higher value of G’ with respect to G” and the
absence of a cross-over between G’ and G” and their fre-
quency-independent behavior confirm that SBS triblock
copolymers can form physical gels in mid-block-selective
solvents like THF. Furthermore, AFM studies have shown
a micellar nanostructure of the SBS physical gel.

Finally, the gelling capability of SBS solution of THF
was kept in nanocomposites obtained dispersing Ag
nanoparticles in the SBS matrix. In fact, rheological and
morphological studies confirmed their gelling behavior.
The rheological analysis of the PG-Ag/SBS evidenced
again the absence of cross-over between G’ and G” and
their frequency-independent behavior. While, from AFM
studies, it was still possible to detect a micellar morphol-
ogy similar to that observed for the SBS gel.
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