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Role of polymers in developing phase change materials for energy

storage
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It is now more important than ever to be able to
store energy over longer periods and to effectively
release the energy when needed. Research on sensi-
ble heat and latent heat phase change materials
(PCMs), which started about 20 years ago, still
plays an important role in addressing this problem.
PCMs absorb and store heat energy when undergo-
ing a solid-solid or solid-liquid phase change. Prob-
lems associated with the use of PCMs are their lack
of long-term stability, especially under conditions
of thermal cycling, the stability of the PCM-con-
tainer system, and effective heat transfer, because
most PCMs have very low thermal conductivity.
Apart from a multitude of inorganic materials
investigated and commercially used as PCMs in
energy storage, commercial waxes and fatty acids
were found to be the most promising organic latent
heat PCMs. Normally the latent heat of melting
method for energy storage is used, but some
research focused on the latent heat of solid-solid
transitions. Commercial paraffin waxes are cheap
with moderate thermal storage densities and a wide
range of melting temperatures. They undergo negli-
gible sub-cooling and they are chemically inert and
stable with no phase segregation. On the downside
they have low thermal conductivity, relative high
liquid viscosities, and they are difficult to contain
in a certain shape or size.

This is where polymers come into the picture. A
fair amount of research has been done on the
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microencapsulation of PCMs by different poly-
mers. Work has also been done on preparing phase
change materials consisting of paraffin wax dis-
persed in a polymer as a supporting material
(shape-stabilised PCM). In this case research con-
centrated mostly on the use of polyolefins. The
effective temperature range of such a PCM falls
between the melting point of the wax and that of the
polymer. It is, however, important that there must
be little co-crystallization between the paraffin wax
and the polymer. This system has long-term ther-
mal stability under cycling conditions, and the
PCM is well contained within the polymer matrix.
There are only two persistent problems: low ther-
mal conductivity (which may be overcome by
using conductive polymers or by doping) and poor
mechanical properties in the presence of high
paraffin wax contents.
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Abstract. Propylene homo- and copolymers (both random and block types) with and without beta nucleation were injection
moulded and the related plaques joined by linear vibration welding. The melt flow index (MFI) of the polypropylenes was
different. During vibration welding the pressure has been varied (0.5, 2 and 8 MPa). The properties of the welded plaques
were determined under both static (tensile) and dynamic conditions (Charpy impact). It was found that the mechanical per-
formance of the welds could strongly be improved when beta nucleated PP plaques were combined with each other. In other
combinations the ‘weaker’ alpha modification controls the mechanical response. The supermolecular structure of the weld
was assessed by polarised light microscopy using thin microtomed sections. Formations of the weld morphology along with
its effects on the mechanical performance were discussed.
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1. Introduction

Welding is widely used to produce plastic products

of complicated shape and large size [1]. The struc- <
ture-property relationships of vibration welded L
semicrystalline polymers, especially in case of iso- P i

tactic polypropylene (iPP), have been studied com- s f //7?
prehensively [2-9]. It was established that the i =
morphology of the weld joint (seam) reflects very
sensitively the conditions of the welding process - e
(e.g. [3-8]). During vibration welding the parts to S
be welded are clamped in tools and pressed I
together with a defined load (F). After this ‘close- ¥
up’ process, the upper part is brought to oscillation  gigyre 1. Scheme of the linear vibration welding. Note:
(vibration step) — cf. Figure 1. Depending on the this figure also indicates the major technological

type of the oscillation movement one distinguishes parameters: F"—load, A — initial surface of the
parts, a — amplitude, s — penetration
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between linear, rotation and twisting types vibra-
tion welding [9]. The surface layers of the thermo-
plastic parts became molten owing to the frictional
heat evolved during welding. As a consequence, a
molten layer appears between the welded parts.
Under pressure, some molten polymer flows out-
side of the welding surface creating some flash
when the parts move against each other. The rela-
tive movement of the weldable parts is termed as
welding distance (s) or penetration.

Depending on the technological parameters, vis-
coelasticity of the polymer melt and the thermal
conductivity conditions, the heat development and
loss (via heat radiation and conduction, incl. the
heat capacity of the flash giving melt) may be
equilibrated. This results in quasi-stationary melt
stage in the weld. Recall that heat generates due to
the periodic loading of the melt of viscoelastic
nature (mechanical loss work) in the quasi-station-
ary stage. Next the vibration is stopped but the parts
are still held together under pressure. In this pres-
sure holding phase the welding joint solidifies
owing to cooling, which is accompanied by crystal-
lization from the melt. Major technology parame-
ters of linear vibration welding are: welding pres-
sure (p, which is calculated by dividing the closing
force, F, by the initial contact surface of the parts),
vibration time (#,), amplitude and frequency of the
vibration (a and f, respectively). Note that the
above parameters control the thermal and flow
behaviours of the molten zone in the welding joint.
The welding process was split in four phases by
Potente et al. [2]: 1 — friction in the solid phase, 2 —
onset of an instationary melt, 3 — appearance of a
quasi-stationary melt, and 4 — cooling. These four
phases are displayed in Figure 2, which shows the

T2 3 4

(

Friction in élnstationaryi
solid state | melt state -

Quasi-stationary

melt state

Time —

l=—Holding phase ——

Vibration phase

Cooling,
crystallization

Amplitude [a] —
Meltdown [§] ==

Figure 2. Phases of the vibration welding showing also the
changes in the amplitude (a) and welding dis-
tance or penetration (s) in time

variation of the penetration (s) and vibration ampli-
tude (a) as a function of the welding time. By
increasing the welding pressure the related curves
shift towards smaller times. Parallel to the increase
in the welding pressure, the thickness and strength
of the weld joint decrease monotonously [9].

iPP is a polymer existing in several crystalline
modifications (polymorphism) [10]. Adding selec-
tive beta nucleators, the formation of the beta mod-
ification of iPP can be triggered, even under usual
processing conditions [10, 11]. Beta-iPP has a
higher toughness than the alpha version, which
form usually in non-nucleated iPP. The toughness
improvement is more prominent for high than for
low molecular weight iPP grades [10, 12]. There-
fore, it is of great importance to check whether or
not the high toughness of beta iPP can be exploited
in welded parts. So, the present contribution is ded-
icated to the vibration welding of beta-nucleated
injection moulded iPP plaques. In order to get more
general information, the work covered the follow-
ing combinations of the welded plaques: alpha/
alpha (i.e. non-nucleated/non-nucleated), alpha/
beta (i.e. non-nucleated/beta-nucleated) and beta/
beta (beta-nucleated/beta-nucleated). The morphol-
ogy of the weld joints was studied by polarised
light microscopy (PLM) and discussed.

2. Experimental

2.1. Production and characterisation of the
plaques to be welded

Plaques (145x70x4 mm) were injection moulded
on an Engel ES 200/50HZ machine. The injection
molding parameters were: melt temperature:
240°C, injection speed: 70 mm/s, holding pressure:
330 MPa. As propylene homopolymers the follow-
ing Tipplen grades of Tisza Chemical Works
(Tiszadjvaros, Hungary) were selected: Tipplen
H384, Tipplen H543 and Tipplen H781. In addition
to of homopolymers, also propylene-co-ethylene
copolymers — both random (Tipplen R351) and
block (Tipplen K392) types — were involved in this
study. The iPP types were modified by incorpora-
tion of crystal water free calcium salt of pimelic
acid in 0.1 wt%. This highly selective proprietary
beta-nucleating agent was developed in our labora-
tory [13]. For the various iPPs the following coding
was introduced: the first capital refers to the
absence or presence of the beta nucleator (A and B,
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respectively). The second capital indicates the type
of the PP, so the homopolymer, random and block
copolymers are given by H, R and K, respectively.
Finally, the third number refers to the melt flow
index (MFI) of the related PP grade. Note that with
increasing number the MFI of the PP decreases. All
above iPPs crystallise predominantly in the beta
form in the presence the above-disclosed nucleator,
at least when plaques are produced by compression
molding, whereby a long isothermal step of the
crystallisation (7. = 110-135°C) was set [10]. On
the other hand, the injection-moulded plaques pos-
sess a molding-induced skin-core structure with
mixed polymorphic composition [11]. This affects
markedly the mechanical performance of the
related systems [14]. The core of a beta-nucleated
iPP contains beta-spherulites and the skin layer
consists of alpha-cylindrites, as demonstrated in
our previous works [11]. The morphology and
polymorphic composition in the skin layer depend
on the iPP type (homo- or copolymer) and its char-
acteristics (mostly MFI), distance from the gate and
injection speed. The beta content of the core of the
plaques was assessed by the k-value, which was
introduced by Turner Jones et al. [15]. The k-values
were determined by wide angle X-ray scattering
(WAXS) after removal of the skin layers by polish-
ing. The k-values of the injection-moulded beta
plaques, along with the skin layer thicknesses are
reported in Table 1. Table 1 also lists the measured
MFI values. Recall that information on the MFI
contains the last number in our coding. Attention
should be paid to the fact that the same number
refers to very similar MFI values for all kind of
iPPs. This is in accord with the designation policy
of the iPP producer.

2.2. Welding

Welding tests were run on a fully automatic Bran-
son Ultraschall device Model 2800. During weld-

ing the penetration and pressure can be monitored
as a function of time. The welding pressure was
varied (8, 2 and 0.5 MPa) while the amplitude
(0.7 mm) and frequency (240 Hz) of the vibration
were kept constant. As various iPP pairs were used
for welding, the above-introduced code had to be
extended as follows: AA, AB and BB mean the
welding pairs alpha/alpha, alpha/beta and beta/beta,
respectively. In the new code this capital combina-
tion appears first.

2.3. Mechanical testing

The tensile strength (sigma) of the parent and
welded plaques was determined by a Zwick univer-
sal testing machine (Ulm, Germany) at ambient
temperature (R7) with 20 mm/min deformation
rate. The Charpy impact strength (more precisely:
energy, W) was measured by an impact pendulum
at the following conditions: RT, incident impact
speed: 2.9 m/s, incident energy of the hammer: 2 J.
Prior to the related tests the flash of the welded
joints was removed. Specimens cut from the parent
plaques did not break under these impact condi-
tions. Therefore they were notched until a depth of
ca. 1.5 mm (i.e. 1/3 of the overall thickness in line
with the related standard).

2.4. Morphology detection

The morphology of the injection moulded plaques
and the welds was studied in PLM using micro-
tomed sections (ca. 10 um thickness). The micro-
sections were embedded in a thermoset resin
(Eukitt) and cured. Inserting a lambda-plate in
between the polariser and analyser diagonally
assessed the type of birefringence. PLM micro-
graphs taken with and without using lambda plate
are presented in this paper.

Table 1. Characteristics of the PP types and their injection molded plaques used

Sample MFT* Non-nucleated B-nucleated
[dg/min] Thickness of skin (d), [pm] Thickness of skin (d), [pm] k value
H3 134 <0 <20 0.89
H5 5.5 ~40 ~40 0.89
H7 0.76 ~400 ~400 0.90
R3 11 <20 <20 0.85
K3 12 <20 <20 0.99

“MFI was measured at 230°C with 21.6 N load
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3. Results and discussion
3.1. Mechanical properties

The tensile mechanical characteristics of the
welded PP pairs as functions of their types and
welding pressure are summarised in Table 2. One
can see that the best mechanical performance
exhibited those weld pairs, which were produced at
the lowest welding pressure. The tensile strength-
strain curves of the related specimens were similar
to those of semicrystalline polymers showing
prominent necking and substantial deformation
(several hundred %) before final fracture. The high
elongation (ductility) was due to the sharp necking,
which occurred away of the weld joint, i.e. in one
or other half (‘leg’) of the welded specimens (cf.
Figure 3). The iPP pairs welded at low welding
pressure did not break at the weld line. So, the
yielding stress of the parent plaques agreed fairly
well with that of the welded ones. Note that alpha-
iPP undergoes a highly localised necking, whereas
this is far more diffuse in the beta-modification. In
welded pairs, containing beta-PP, necking appears

Table 2. Tensile strength (o) of the PP pairs welded at dif-
ferent pressures (viz. 0.5, 2 and 8 MPa)*

(8 g2 o (0,5
Sample [M(Pz)l] [M(Pz)l] [IV(IP’a;
A-H3 35.1
B-H3 284
AA-H3 265 30.2 329
BB-H3 249 26.8 >29.0
AB-H3 246 265 >29.8
A-H5 343
B-H5 274
AA-H5 257 31.6 327
BB-H5 248 26.8 274
AB-H5 239 265 >28.0
A-H7 30.8
B-H7 265
AA-H7 3.1 18.1 >30.2
BB-H7 201 243 >26.1
AB-H7 205 238 >26.6
A-R3 287
B-R3 25.8
AAR3 256 26.8 275
BB-R3 21.8 233 >245
AB-R3 23.0 25.0 255
AK3 238
B-K3 192
AA-K3 15.1 17.0 21.0
BB-K3 153 16.2 >19.2
AB-K3 152 16.0 195

“The tensile strength was determined at RT using 20 mm/min
deformation speed. The coding is referred in the text
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Figure 3. Necking due to static mechanical loading in the
dumbbells cut from the welded pairs AA-H7 and
BB-H7. Designation: 1 — BB-H7: flat on,
2 - AA-H7 flat on, 3 — AA-H7 edge on

exclusively in the beta PP section (cf. Figure 3).
This can be attributed to the difference in the yield
stresses between beta and alpha-iPPs — beta-iPP
yields always at a lower stress than the alpha ver-
sion [10]. Specimens welded at high pressures
(2 and 8 MPa) had low tensile strength data and
they break in the weld. This was accompanied with
low elongation at break (several percent) values, as
well.

3.2. Impact strength of the welds

Results of the Charpy impact tests are summarised
in Table 3. This table also contains the notched
Charpy impact strength data (marked by asterisk)
of the parent injection moulded plaques. However,
the latter data are of indicative nature and serve
merely to collate the impact performance of the
various PPs used. Considering the notched Charpy
impact strengths of the parent plaques, one can
recognise that the toughness increases with
decreasing MFI for both alpha- and beta-iPPs
according to the expectation. The relative incre-
ment in the Charpy impact strength is higher for the
beta-nucleated compared to the corresponding
alpha versions. Comparing the impact strength of
the H, R and K grades at the same MFI (which is
rather high in this case), one can only notice a slight
increase in the toughness owing to beta nucleation.
This is in line with the state of knowledge as dis-
closed for example in [10, 11].

Data in Table 3 display that the Charpy impact
strength of the welded plaques increases markedly
with decreasing MFI for both alpha- and beta-iPPs.
The welded plaques from H7 iPP possess the high-
est impact toughness. For example, BB-H7, when
welded at low pressure, exhibits outstanding impact
strength (ca. 70 kJ/m2). It is noteworthy that both
tensile and impact strengths of the AA and AB
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welded pairs are practically the same (cf. data in
Tables 2 and 3). This suggests that the ‘weak site’
is in the non-nucleated (alpha) section. In fact, the

Table 3. Notched and unnotched Charpy impact strength
(precisely: energy) data for the PP pairs welded at
different pressures (viz. 0.5, 2 and 8 MPa)

Sample W) W) W(0,5)
[kJ/m?] [kJ/m?] [kJ/m?]
A-H3 3.53"
B-H3 441"
AA-H3 5.00 10.00 11.67
BB-H3 5.00 10.42 13.33
AB-H3 5.00 9.58 11.67
A-H5 3.53%
B-H5 5.88%
AA-H5 542 10.00 10.83
BB-H5 5.83 9.17 9.58?
AB-H5 542 9.17 9.58
A-H7 4717
B-H7 15.29*
AA-H7 5.00 10.83 31.25
BB-H7 5.83 8.33 70.83
AB-H7 6.67 9.17 30.00
A-R3 3.24"
B-R3 3.53%
AA-R3 6.67 10.83 13.33
BB-R3 6.25 11.67 20.83
AB-R3 6.67 11.25 12.50
A-K3 4417
B-K3 7.98*
AA-K3 6.67 7.50 10.42
BB-K3 9.58 9.58 30.00
AB-K3 8.33 8.33 10.00

Notes: the impact strength (W) was determined at RT using
2.9 m/s impact speed. The coding of the materials is
referred in the text. Data with * are measured on standard-
ised, notched specimens

failure in the welded AB pairs occurred always in
the alpha part close to the weld joint. The above test
results confirm that joints of very high toughness
can be produced when plaques of beta-nucleated
iPPs of low MFI are welded together. However,
this claim holds only for BB pairs, i.e. when both
plaques are beta-nucleated.

3.3. Supermolecular structure of the welding
joint

The supermolecular structure of the weld joint is
controlled by the actual thermal, mechanical and
flow conditions, which all affect the recrystallisa-
tion of the molten layer during welding. The above
conditions strongly change with the geometrical
place. The complex supermolecular structure
obtained at low pressure welding for the pairs AA-
H7, BB-H7, AB-H7 and AA-HS, respectively, are
shown in Figures 4-8. The related PLM micro-
graphs are taken from microtomed sections cut
transverse to both the plaque plane (i.e. along the
cross section) and the welding joint. One can see
that the non-nucleated plaques contain large alpha-
spherulites, in which few negative beta-spherulites
are sporadically embedded. The average size is
about 50-60 micrometer (cf. Figure 4). The size of
the beta-spherulites of beta-nucleated plaques is
markedly lower and their size is more uniform than
in the alpha plaques (Figure 6).

The shape of the joints welded at low pressure is
similar for the different PP combinations: the joint

Figure 4. a) PLM micrograph on the morphology of the AA-H7 weld produced at a welding pressure of p = 0.5 MPa
(middle part of the weld). Designations: 1 — parent plaque, 2 — layer with deformed spherulites, 3 — spherulitic
layer, 4 — beta-cylindrite due to shear induced nucleation, 5 — melt flow channel, 6 — overall thickness of the
weld seam. b) PLM micrograph taken with lambda plate
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Figure 5. a) PLM micrograph on the morphology of the AA-H7 weld produced at a welding pressure of p = 0.5 MPa
(outer part, close to the flash). Designations: 1 — parent plaque, 2 — layer with deformed spherulites, 3AS and
3BS - individual alpha and beta-spherulites in the spherulitic layer, 4 — beta-cylindrite due to shear induced
nucleation, 5 — melt flow channel. b) PLM micrograph taken with lambda plate

has the same thickness in the middle section and
broadens somewhat only towards the edges of the
plaques (Figure 5). The formation of the multilayer
structure in non-nucleated iPP welds was explained
in our earlier works [4, 16] by the onset of a molten
layer consisting of two zones with different flowa-
bility. In the middle section of the joint a so-called
flow channel developed being flanked by plastic
zones from both sides. In the plastic zone the melt
viscosity is high owing to the locally low tempera-
ture. So, the related zone has some restricted flow
especially under low welding pressures. Crystalli-
sation in the plastic zones occurs under quasi-qui-
escent melt conditions. Accordingly, microcrys-
talline and/or spherulitic structures appear depend-
ing on the actual thermal conditions. It is worth of
noting that in the spherulitic layers the size of the
spherulites is smaller than in the parent plaques.
This testifies that the spherulites were recrystallised
from the melt. In the flow channel flow-induced
cylindirtic crystallisation took place. Cylindrites
are induced by row nuclei and oriented along the
flow direction. Owing to the very high density of
nuclei, the resulting supermolecular structure can
hardly be resolved in optical level. The spherulites
of the parent plaques in the vicinity of the molten
layer undergo partial melting. The partially molten
spherulites deform upon the acting pessure and ori-
ent themselves towards the flash. As a conse-
quence, at the boundary of the parent plaque and
the weld joint, a layer composed of deformed
spherulites appears. The extent of spherulite defor-

mation and the thickness of the related layer
increase towards the edges of the welded plaques
(cf. Figures 4 and 5).

Apart of the above supermulecular features, a fur-
ther peculiarity can be observed in the welds of the
specimens AA-H7 (Figure 5) and AA-HS5 (Fig-
ure 8). It both outer flanks of the flow channel a
highly birefringent, negative-type beta layers can
be recognised. These layers, rich in beta modifica-
tion of iPP, are generated by the shear stresses
developed between the flow and plactic zones. The
influence of the related ‘shearing’ on the resulting
supermolecular structures was the topic of our for-
mer works (e.g. [17]). It has to be emphasised that
the beta-rich layers are far more prominent in the
AA-H7 (cf. Figure 5) than in the AA-HS specimens
(cf. Figure 8). Moreover, no such layer could be
resolved in the AA-H3 weld pairs at all. This is a
clear indication that with decreasing melt viscosity
(from H7 towards H3) of the iPP the evolving shear
stress in the boundary layer between the flow and
plastic zones decreases and thus no shear-induced
beta nucleation has been triggered.

The formation of this beta-rich layer is hampered in
beta-nuclated iPP owing to the beta-nucleator pres-
ent (cf. Figure 6). Note that in presence of the beta
nucleator the spherulitic crystallisation occurs at
higher temperature and/or at higher rate than the
cylindritic one.

It is clearly perceptible in Figure 7 that the non-
nucleated and beta-nucleated melts in the welded
AB pairs do not interpenetrate. So, the supermolec-
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Figure 6. a) PLM micrograph on the morphology of the BB-H7 weld produced at a welding pressure of p = 0.5 MPa.
Designations: 1B — parent plaque, 3BS — beta-spherulitic layer, 5 — melt flow channel, 6 — overall thickness of
the weld seam. b) PLM micrograph taken with lambda plate

Figure 7. a) PLM micrograph on the morphology of the AB-H7 weld produced at a welding pressure of p = 0.5 MPa.
Designations: 1A and 1B — non-nucleated and beta-nucleated parent plaques, 2 — layer with deformed
spherulites, 3AS and 3BS — beta-spherulitites, 4 — beta-cylindrite due to shear induced nucleation, 5 — melt flow
channel, 6 — overall thickness of the weld seam. b) PLM micrograph taken with lambda plate

ular structure located between the contact plane and
the parent plaques on the A and B sides is identical
what can be found in AA and BB pairs. The above
described morphlogical features are well demonsr-
trated in the PLM micrographs in Figures 4—8. The
interpretation of the related morphologies is sup-
ported by the exhaustive legends of the correspon-
ding figures. The rules of the formation of multi-
layered weld appearance will be the topics of a
companion contribution.

The morphology of the joint is far less complex
when produced at high welding pressures (p = 2
and 8 MPa). Figure 9 shows that the weld seam is
smaller compared to the joint produced at low pres-
sure (cf. Figures 4-8). The supermolecular struc-

ture, produced at high welding pressure, cannot be
resolved optically — during this joint formation
obviously the melt flow dominated. This induced
an oriented cylindritic structure in the whole joint.
The related joints show the same characteristics as
described by us earlier using non-nucleated iPPs
for welding [3-9]. It is noteworthy that the joint
accommodates a delta shape at the edges of the
welded plaques. Moreover, the weld thickness in
the flash is markedly larger compared to that of the
middle section. The single layer morphology due to
high pressure welding contains highly oriented
molecules and related supermolecular structures,
the orientation of which is transverse to the static
mechanical loading and parallel to the impact
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100 pum

b)

Figure 8. a) Shear induced beta-cylindritic layer in weld seam of AA-HS5 plaques produced at a welding pressure of
p =0.5 MPa. b) PLM micrograph taken with lambda plate

a)

Figure 9. a) PLM micrographs showing the supermolecular structures in BB-H5 weld produced at a high welding pres-
sure (p = 8 MPa). b) A part of the weld at higher magnification

direction. This is disadvantageous for both cases,
which is well reflected by the related results. One
can thus speculate that this layer has some stress
concentration effect. By contrast, the multiple layer
structure of the welds, generated by low pressure
welding, has some gradient structure in mechanical
sense. The stress imposed can be more efficiently
spread, transferred to a large area, due to which the
load bearing capacity of the welds is strongly
improved (cf. data in Tables 2 and 3).

4. Conclusions

Based on this work addressing the property-struc-
ture relationships in vibration welded polypropy-
lene plaques without and with beta nucleation, the
following conclusions can be drawn:

— The mechanical and impact strength of the joints
can be markedly improved using beta-nucleated
PPs. It was also found that the lower the melt
flow index of the beta-iPP, the higher the prop-
erty improvement under static and dynamic con-
ditions. This beneficial effect can be, however,
only triggered when both welded parts are beta-
nucleated versions and relatively low welding
pressures are applied.

— The outstanding weld strengths of parts joined at
low welding pressure are connected with their
complex multilayer structure. Its formation is
due to the development of two molten zones of
highly different flowability. In the vicinity of the
initial contact surface a flow channel develops,
which is flanked from both sides by plastic
zones. In the flow channel flow-induced crys-
tallisation occurs resulting in an oriented cylin-
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dritic structure. In the plastic zone the crystallisa-
tion takes place in a quasi quiescent melt yield-
ing spherulitic and/or microcrystalline struc-
tures. This multilayer structure ensures an
efficient stress transfer via its complex morphol-
ogy so that the corresponding weld shows excel-
lent static and dynamic mechanical properties.
High welding pressure results in a single layer
weld with strongly aligned molecules and super-
molecular structures. As their orientation is dis-
advantageous in respect to the static and dynamic
loadings and the oriented layer acts as stress con-
centrator, the welds exhibit low performance.
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Abstract. The viscoelastic properties of an ethylene/propylene/diene rubber (EPDM) containing 30 parts per hundred parts
rubber [phr] carbon black (CB) were determined by dynamic mechanical thermal analysis (DMTA) measurements. A 15-
term Maxwell-model was created to describe the time-dependent material behavior of this rubber. The frictional behavior
under dry rolling conditions was studied on a home-built rolling ball (steel)-on-plate (rubber) (RBOP) test rig. Both normal
and tangential forces were detected during the measurements. The rolling test was simulated with the MSC.Marec finite ele-
ment (FE) software using the evaluated viscoelastic material properties. Results of the experimental tests and of the simu-

lation were compared and a good agreement was found between them.

Keywords: modeling and simulation, rubber, viscoelasticity, finite element method (FEM), rolling friction

1. Introduction

Rubbers are utilized widely in mechanical engi-
neering. Tires, v-belts, belts, rollers are made of
rubbers or of rubber-based composite materials.
The water-, heat- and chemical-resistances, the
excellent and tailorable elastic properties, the high
coefficient of friction make them as first-choice
materials for the above applications. However the
construction and design of the related rubber parts
need profound knowledge on the non-linear and
viscoelastic properties of the related rubbers. The
internal damping of rubbers can be useful, but the
same phenomenon can cause unfavorable energy
dissipation during rolling or cyclic fatigue-type
loading of rubbery elements.

The exact analytical calculation of the observed
strains during mechanical loading of rubbery ele-

*Corresponding author, e-mail: felhoes @ivw.uni-kl.de
© BME-PT and GTE

ments is a great challenge due to the complexity of
the viscoelastic material models. Although some
simplified analytical methods were developed to
evaluate for example the friction resistance or inter-
nal heat generation in viscoelastic materials during
rolling contact, they failed for more complex stress
states or for repeated stresses [1-9]. On the other
hand the finite element (FE) method is able to han-
dle complex viscoelastic material models owing to
the permanent advancement of the software and
hardware background. This progress makes possi-
ble to perform more complex and at the same time,
accurate simulations [10-12].

The aim of this study was to investigate the rolling
friction whereby a steel ball is rolling on a rubber
plate.
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The linear-viscoelastic properties of the rubber
were determined by dynamic mechanical thermal
analysis (DMTA). On the basis of DMTA measure-
ments a master curve was created and a 15-term
Maxwell-model was fitted to this master curve. To
describe the incompressibility and the non-linear
behavior of the rubber, i.e. the non-linear stress-
strain curve, the Mooney-Rivlin material model
was used. The constants of the two term Mooney-
Rivlin material law were calculated by simplified
equations [20-21].

For the simulations the FE software MSC.Marc
was used.

The rolling friction of an ethylene/propylene/diene
rubber (EPDM) was measured in an oscillating
rolling ball (steel)-on-plate (rubber) configuration
(Oscillating-RBOP) and simulated by FEM. Fric-
tion force, normal load and coefficient of friction
(COF) were determined. The results of the tests and
the simulations were compared with each other and
discussed.

2. Experimental

2.1. Rolling friction test

Rolling friction tests were carried out on a home
built test rig with oscillating rolling ball (100Cr6,
d=2r=14 mm, R, =1 um) and stationary rubber
plate (cf. Figure 1). The steel ball is driven by the

driver part to conduct oscillating rolling motion on
the rubber plate. The load is applied by a lever sys-
tem. The reciprocating linear rolling of the ball
occurred with an amplitude of A =25.06 mm, a
cyclic frequency of f= 1/30 Hz under a normal load
of 140 N. The normal and friction load are meas-
ured by load cells. The load cell which measures
the normal load (Load cell 1, cf. Figure 1) is placed
under the base plate, while the other load cell which
measures the friction force (Load cell 2) is placed at
the driver element. The ball is rolling in the guiding
edges of the driver part (cf. Figure 1c¢).

2.1.1. Test conditions

The linear reciprocating movement of the driver
part and the reciprocating rolling of the ball have
different amplitudes and speeds due to the set-up.
As starting point of our calculations we used the
known movement of the driver part, which recipro-
cated with a given amplitude and frequency. The
ball’s kinematical and contact geometry is shown
in Figure 2. One could see the original and the end
position of the ball and the direction of the oscilla-
tion shown by arrows. Figure 2 also shows the
change of the ball’s displacement and the change of
the curve of rolling velocity versus the time, where
T is the period (30 sec). On the right side one can
see the contact geometry, where r is the radius of
the rolling steel ball (7 mm), g is the width of the

Driver part

Steel ball

Figure 1. Overview of the Oscillating-RBOP machine (a), detailed view of steel ball rolling on a flat rubber specimen (b),

front view of the set-up (c)
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guiding groove on the driver part (8.6 mm), 4 is the
vertical distance from the center point to the upper
contact point of the ball, calculated by Equa-
tions (1) and (2):

h = r-coso, (1)

where

o= arcsini. ()
2-r

We assumed the pure rolling of the ball without any
slip at the contact both with the driver part and with
the rubber specimen. With this assumption the
position and the velocity of the driver part could be
calculated using Equations (3) and (4):

sp(t)= —A-cos(z%t-t) 3)

v (1) = %-A-sin(%t-t) “)

The ratio of the driver part’s displacement and
velocity to those of the rolling ball is constant. The
displacement (s(¢)) and the velocity (v(¢)) of the
rolling ball is smaller than that of the driver part.
This ratio is given by the Equation (5):

sy _v@) _r
sp(t)  vp(t) r+h

)

Using Equations (3), (4) and (5), the displacement
and the speed of the rolling ball can be described by
Equations (6) and (7):

r 271
s(t) = —A-( 7 )005(7-IJ (6)
271 r . (2n
v(t) = 7 {r h )SIH(T'I] (7

The maximum of the displacement (s(f)max) of the
rolling ball means the amplitude of the reciprocat-
ing motion. This will be reached at t =0, t=7/2
and 7 =T. The maximum of the rolling velocity is
reached at t = T/4 and ¢ = 37/4 (cf. Figure 2). Sub-
stituting the data into Equations (6) and (7), the dis-
placement and the velocity of the rolling ball can be
described by Equations (8) and (9):

Z1i

w
V(t)max- |-/~ Displacement of the ball (s)
Speed (V)"
' T2
9
T S(t)max 4 . put - ..
| i —tDriver part-|| _|_
1 e s et L=y
i
S S— | [ S}
' Oscillation ———_Steel ball -, £
@14 mm E
o ) 1 ‘1"
Rubber plate i
L 37.6 mm Jd L 274mm

Figure 2. Schematic sketches of the contact geometry and
of the ball’s kinematics in a half cycle

s(r) = —0.007019-005(%1] [m] (8)
. (211: J [m]
v(t) =—0.00147-sin| —¢ — 9)
T S

If we fixed the center point of the coordinate sys-
tem at the middle point of the ball, the apparent
angular velocity of the ball (w(7)) could be calcu-
lated as Equation (10):

(D(t):M

r

(10)

This value will be needed later by the description of
the boundary conditions of the FE simulation.

2.1.2. Results of the rolling frictiontest

During the measurement the normal and the tan-
gential force were registered (cf. Figure 3). It
shows the change of the normal and tangential
forces in one cycle and the calculated coefficient of

20 0.04
. . P
LD o— "‘-**—w-a:p-..._.._o_:.:...._'_,‘.\,. 0.03
20 raas 1002
g —60 v ,'? i =
2 -80 % /— —+Normalforce . 9
/ —=—Tangential force 1 —0.01
~100 / ~cor Byl
R — 1 -0.
—140 forer ey St e e e ] —0.03
-0.04

-160 T ; T y T "
0 5 10 15 20 25 30
Time [s]
Figure 3. Change of the normal- and tangential forces vs.
the time in one cycle and the change of the cal-
culated coefficient of friction (COF)
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friction (COF). The COF is calculated as the ratio
of the friction force to the normal load (Equa-
tion (11)):

CoF =11

N

an

where Fris the tangential force, Fy is the normal
force.

The sign of the friction force is changing, due to the
changing rolling direction. The normal force is con-
stant; however a small deviation was observed at
the end of the cycle. The highest and smallest val-
ues of the tangential force are approximately
+4.8 N. Between the direction changes of the
rolling ball a plateau can be seen in the tangential
force vs. time curve. The COF vs. time curve has
also an oscillation, the maximal and minimal value
of it are approximately +0.034 as well as —0.034.

2.2. Material characteristics

An EPDM rubber, containing 30 parts per hundred
parts rubber [phr] carbon black (CB) was investi-
gated in this study. The investigated EPDM stock
was prepared in a laboratory internal mixer and the
curatives were introduced on a laboratory open
mill. The recipe used was as follows: EPDM
(Keltan® 512 of DSM Elastomers, Sittard, The
Netherlands): 100 parts; carbon black (N550):
30 parts; ZnO: 5 parts; stearic acid: 1 part, sulfur:
1.5 parts, N-cyclohexyl-2-benzothiazole sulfe-
namide (CBS, Vulkacit CZ of Bayer, Leverkusen,
Germany): 0.6 part; 2-mercapto benzothiazole
(MBT, Vulkacit Mercapto by Bayer): 0.6 part; zinc
dibenzyl dithiocarbamate (Rhenogran ZBEC-70 of
Rhein Chemie): 1.5 parts and zinc dicyanatodi-
amine (Rhenogran Geniplex 80 of Rhein Chemie,
Mannheim, Germany): 0.6 part. Rubber sheets (ca.
2 and 4 mm thick) were produced by compression
molding at 160°C and 7 MPa pressure using a
Satim press (Rion des Landes, France). The vulcan-
ization time was adjusted by considering the time
needed for the 90% crosslinking at 7= 160°C. The
material characteristics were determined in the
Institut fiir Verbundwerkstoffe (IVW) [13].

To be able to simulate the rolling friction of the
rubber specimen, it is inevitable to determine the
viscoelastic properties of the investigated material.
Usually a dynamic mechanical thermal analysis

D

—Tension clamping

Specimen -]

Figure 4. Picture of the tension grip with the specimen.
Note: The specimen dimension is the following:
W=10mm, L =20 mm, D =2 mm

(DMTA) test is carried out [14] where the fre-
quency of the applied stress or strain and the tem-
perature are changed in parallel. Another method is
the stress relaxation measurement where a constant
strain is applied on the specimen and the reaction
force is detected as a function of the time. This
measurement is repeated at different temperatures
in a wide temperature range.

In our case the DMTA spectra was recorded on rec-
tangular specimens (length x width x thickness =
20 x10 x ca. 2 mm?) in tensile mode (cf. Figure 4)
as a function of temperature (from —100 to +100°C)
and frequency at 1, 10 and 100 Hz using a Q800
device of TA Instruments (New Castle, DE, USA).
The conditions set were: strain 0.01%, temperature
step: 5°C, time for temperature equilibration at
each step: 3 sec. According to the user’s manual of
the DMTA device, the storage (E’)-, the loss mod-
uli (E”) and the loss factor (tand) were calculated
using Equations (12), (13) and (14):

E’ = E*-cosd (12)

E” = E*-sind (13)
8= (14)
g I

where, E* is the measured complex moduli of the
sample and 0 is the phase angle which is calculated
by Equation (15):

& =2m-fAt (15)

where fis the frequency of the dynamic excitation
and At is the time delay between stress and strain.
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Figure 5. Storage modulus curves at different tempera-
tures

As a result of the DMTA measurements, one can
get the change of the storage (E’)-, and of the loss
moduli (E”) as well as of the loss factor (tand) ver-
sus the applied frequency and versus the tempera-
ture. Figure 5 illustrates the change of the storage
moduli (E’) versus the frequency at different tem-
peratures. In the figure, one can see that the highest
moduli are measured at the lowest temperature,
while the lowest moduli were measured at the high-
est temperature. The glass transition temperature
(Ty) can be clearly seen (—45°C, cf. Figure 5),
because the variation of the storage modulus is
most intensive at 7,. The noteworthy temperatures
are shown by arrows in Figure 5.

From the storage moduli curves, based on the
Williams-Landel-Ferry (WLF) equation, we were
able to create a storage modulus master curve (cf.
Figure 6) [15]. The reference temperature was cho-
sen for 20°C. Every other curve was shifted into the
right direction with the right shift factor. From the
master curve (cf. Figure 6) one can observe the
change of the storage moduli versus the time in log-
arithmic scale.

10000
3 W
& 1000
s 4
p '
3 f
> 100
3 7
5 J
@
g 10
kel Lowa " + Measurement
@ ——15-term Maxwell model
1 . . . :
10°  10° 10° 10 10" 10*°  10®  10%
Frequency [Hz]

Figure 6. Storage moduli master curve of the EPDM rub-
ber; reference temperature 7,.r = 20°C
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Table 1. Parameters of the fitted 15-term Maxwell-model

Eg[MPa] | 3710+ Ex[MPa] | 4.510+%
t [sec] Coefficients

«(1) 1.61-10+03 e(l) 2.83-10-04
1(2) 1.29-10+0! e2) 3.12:10-%4
13) 1.53-10-01 e(3) 4451004
1(4) 9.89-10-04 e(4) 1.03-10-03
1(5) 1.18:10-06 e(5) 6.09-10-03
1(6) 8.51-10-09 e(6) 6.74-10-2
17) 1.42:10-10 e(7) 2.22:1001
1(8) 1.80-10-12 e(8) 1.90-10-0!
19) 1.27-10-14 e9) 1.12:10-01
1(10) 2.00-10-16 e(10) 5.07-10-2
(1) 1.10-10-19 e(11) 6.91-10-02
1(12) 1.38:10-2 e(12) 4.59-10-2
1(13) 1.62:1024 e(13) 8.62:10-2
1(14) 6.62:10-20 e(14) 6.76-10-02
«(15) 1.82:1077 e(15) 7.87-10-2

The mathematical description of the viscoelastic
material behaviour is a complex task. With the help
of the ViscoData software [16] we have fitted a
15-term Maxwell-model to the measured storage
moduli master curve [17-19]. The detailed descrip-
tion of the Maxwell-parameter optimization is
described in ref. [16]. The parameters of the
Maxwell-model are summarized in Table 1. The
storage modulus master curve of the DTMA meas-
urements and the fitted master curve of the 15-term
Maxwell-model can be seen in Figure 6. The listed
Maxwell-parameters in Table 1 (relaxation time (¢)
and dimensionless elastic moduli (coefficients of
each Maxwell-element) are formulated specifically
for the MSC.Marc FE software.

During the FE-simulation the 15-term Maxwell-
model was combined with a two parameter Money-
Rivlin material model. According to the MSC.Marc
software the constants of the two term Mooney-
Rivlin material law were calculated from the
Young’s modulus of the material measured at
—100°C (see Ep in Table 1) using Equations (16)
and (17) [20, 21]:

E =6(Ci0+ Cor1) (16)
4=l (17)
COI

where, Cjo—is the first Mooney-Rivlin parameter,
Co1 — is the second Mooney-Rivlin parameter, E —
is Young’s modulus.
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Adjusted to the formulation of the FE software, the
Mooney-Rivlin parameters were calculated based
on the highest modulus of the EPDM rubber mate-
rial. Using Equations (16) and (17), the calculated
Mooney-Rivlin constants are the following:

Cio= 123 MPa,

Co1 =493 MPa.

2.3. FE simulation of the rolling friction test

The model used in the simulation is shown in Fig-
ure 7. The rubber plate was defined as deformable
body; the sphere was defined as a rigid body.

The dimension for the rubber plate is 37.6 mmx
27.4 mmx4 mm, divided into 4256 elements
(38%x28%4). To increase the accuracy of the simula-
tion and to decrease the computing time at the same
time, the so called LOCAL ADAPTIVITY of
MESH ADAPTIVITY was turned on, which was
applied only to the deeper color elements shown in
Figure 7. This method increases the number of ele-
ments in the chosen region when a given mean
strain energy density was reached. In our case this
value was 1.5 N/mm?Z. In that way the mesh will be
changed during the simulation. The original and the
automatically modified mesh can be seen in Fig-
ure 7. The first picture shows the rubber plate and
the rigid sphere in its starting position. The second
picture (front view) shows the sphere and rubber
plate pushed together (the upper sphere mesh repre-
sents the original position of the sphere). The third
picture shows the position of the sphere at t = 772,
where the re-meshed part of the rubber plate is also
visible.

Figure 7. FE model at r = 0 and at t = 7/2 for the Oscillat-
ing-RBOP friction simulation

The model was built up from 8-node solid Her-
mann type elements. There was no friction applied
between the rigid sphere and the rubber plate. A
rigid flat surface was fixed onto the bottom of the
rubber plate. This rigid surface and the bottom of
the rubber plate were glued together.

The load was applied by the prescribed displace-
ment of the ball. The ball moved vertically (-z
direction, cf. Figure 7) till a fixed position and
pressed onto the rubber plate. The horizontal move-
ment (prescribed velocity in direction x, cf. Fig-
ure 7) was applied to the rigid surface which was
glued to the bottom of the rubber plate. Parallel to
this horizontal reciprocating motion, an angular
velocity was applied onto the rigid sphere. The
driving time curves of the prescribed displacements
and velocities are summarized in Figure 8. The
time curve for the vertical movement of the rigid
sphere (tcl) is linear. At t =0 s the value of the
curve is zero. Subsequently it increases linearly
until =1 s, where it will be 1. After this the value
remains constant until the end of the cycle (¢ =
31 s). To ensure a normal force of 140 N, this value
(1) will be multiplied with a proper displacement
value (1 mm). The movement of the rigid surface at
the bottom of the rubber plate and the angular
velocity of the sphere can be driven by the same
time curve (tc2). To prescribe the right velocity and
right angular velocity, the values of the sinusoidal
time curve will be multiplied by 1.47 mm/s for the
horizontal velocity of the rubber plate, and by
0.21 rad/s for the angular velocity of the sphere.
The value of the sinusoidal time curve (tc2) is zero
from t=0s to r=1s. In this way, the velocity of
the rubber plate will be (Equation (18)):

1 AT A
A RN e te2
o ] K/ \\ -
= |/ \
g o -
: N
-05 \ /,‘
AN
-1 \~ = l

0816 24......31
Time [s]

Figure 8. The driving time curves for the vertical displace-
ment of the sphere (tc1), for the horizontal

velocity of the rubber plate (tc2) and for the
angular velocity of the sphere (tc2)
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W(t) = 1.47 sin(l(t—l)J [@} (18)
15 S

while the angular velocity of the sphere can be
described with Equation (19):

L rad
o(t) = 0.21s1n(§ (t— 1)) |:T:|

ifl1s<r<31s.

(19)

Results of the simulation

Friction force, normal load and the calculated COF
from the simulation are shown in Figure 9. The FE-
calculated reaction force in vertical (z) direction at
the rigid sphere (cf. Figure 7) is defined as the nor-
mal force. The friction or tangential force is the
reaction force in x-direction (cf. Figure 7) which is
calculated at the rigid surface gluing to the rubber
plate. One can see in Figure 9 that the direction of
the friction force was reversed when the ball moved
back and COF shows clear oscillating characteris-
tic. The COF was calculated using Equation (11).

20 0.04
1 bty k&-&wtwﬂﬂﬂ N s s - ?l‘ w |
0 R | 008
_20 o, . 2R F( LA Fa
|I FEERR AR ¥,l -0.02

z 7 ] foor =

o —60 4 ?,.."? : %

g | i ]

s 80 Ilél’g" [ ——Normal force | _0010
=100 {945 —s5— ?xm‘..f ——Tangential force | ~
_120 IR.TAY P - COF -0.02

IMERLAVVIYA -0.03
-140 e Y -\.I e i T ————— .
-160 - - - - —- —0.04
0 5 10 15 20 25 30
Time [s]

Figure 9. Friction force, normal force and coefficient of
friction (COF) calculated by FE simulation

Comparison of the measured and the FE simulated
results

The measured and FE-calculated friction and nor-
mal forces are displayed in Figure 10. The curves
from the simulation show a fair agreement with the
experimental ones. It means that the FE simulation
is usable to analyze the rolling process on the rub-
ber plate and get a well quantitative description of
the rolling friction.

A more spectacular comparison is the collation of
the measured and FE-simulated COF results (cf.
Figure 11). Although the measured and the FE cal-

4
1
— 1
z o
g o1t
g 8o T —=— Normal force-experiment —
—100 ' —4—Normal force-simulation |
\ -&-Tangential force-simulation
-120 1+ —— Tangential force-experiment
=140 s :
—-160 T T T . -
5 10 15 20 25 30
Time [s]

Figure 10. Comparison of friction force and normal loads
between experiment and simulation in one

cycle
0.04
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0.03 ﬁw- et
0.0 sl AL A
R f o [ hu_}' "tl' ,
Z 001 ,-;;“ {
g 0.00 4 7
=] [/
s
-0.01 \‘}\ 2 1
-0.02 .'?Q'u .rﬁ. @ é"’ .
Vel VAPs o ,"w —e— COF-experiment
-0.03 —— _};j.ﬁ —e— COF-simulation |
-0.04 r T r T r
0 5 10 15 20 25 30
Time [s]

Figure 11. Comparison of COF between experiment and
simulation in one cycle

culated values don’t cover each other perfectly, the
difference between the results is very small. One
explanation may relate to the assumption of pure
rolling, because in the contact area the micro-slip
phenomenon [22] produces stick-slip around the
pure rolling lines. At the same time, under lubri-
cated conditions, this effect is not dominant.

3. Conclusions

This study describes a general method on how to
consider the viscoelastic behavior of rubber materi-
als. The description of the viscoelastic material
behavior can be realized, for example, with proper
number of Maxwell elements, by which the simula-
tion results can well be adjusted to those of the
experiments. Increasing number of elements in the
FE-model and/or increasing number of steps during
the simulation may further improve the accuracy of
the calculations. However, both of the listed refine-
ments can lead to a pronounced increase of the
CPU time. Based on the results presented in this
work the following conclusions can be made:
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The viscoelasticity of the EPDM material was
determined by DMTA measurements success-
fully.

The fitted 15-term Maxwell-model is able to
describe the viscoelastic behavior of the investi-
gated EPDM rubber.

The FE method used is powerful tool to consider
the viscoelastic properties of rubbery materials
accordingly and to simulate their process of
rolling friction.
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Abstract. Methacrylate-structured poly(ampholyte)s were synthesized in the homopolymer and copolymer forms starting
from the N-methacryloyl-L-histidine (MHist) and the N-isopropylacrylamide (NIPAAm). They were also obtained in the
cross-linked (hydrogel) form, showing a close thermodynamic behaviour as that shown by the corresponding soluble free
polymer analogues. Viscometric data revealed that the minimum hydrodynamic volume of the polymer at its isoelectric
point (pH 5) shifted to lower pHs as the NIPAAm content increased, and beyond a critical low MHist content the reduced
viscosity decreased, even at low pHs. The phenomenon was attributed to hydrophobic forces between the isopropyl groups
outweighing the repulsive electrostatic interactions of the polymer in the positively charged form. A similar behaviour was
shown by the corresponding hydrogel. The latter also revealed a different phase transition phenomenon induced by external
stimuli (temperature, pH, ionic strength, electric current) when compared to the acrylate-structured analogues. The
polyMHist, as well as the corresponding monomer, was found for two days to be non toxic against the mouse osteoblasts
(MC3T3-El).

Keywords: biocompatible polymers, smart polymers, polymer gels, protonation thermodynamics, polyampholytes

1. Introduction

Vinyl compounds carrying aminoacid residues
have been widely synthesized to obtain functional
polymers for practical purposes [1]. The presence
of the carboxyl [2] or the amino [3] functionality
made these polymers sensitive to the pH in a range
that was closely related to their basicity constants.
Moreover, the presence of the hydrophilic amido

“Corresponding author, e-mail: casolaro@unisi.it
© BME-PT and GTE

functionality and the hydrophobic isopropyl groups
in the side chain made these polymers also sensi-
tive to the temperature [4, 5].

Recently, new vinyl acrylate polymers based on the
L-histidine residues have been developed in order
to have poly(ampholyte)s responding in different
pH-ranges [6]. The imidazole-containing methacry-
late polymers with different functions were investi-
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gated in the catalytic activities towards the solvoly-
ses of a series of activated phenyl esters [7].
Besides the buffering capacity of proteins in the
physiological pH range, the imidazole group is also
able to form coordination compounds with metal
ions [8]. These compounds are considered as mod-
els for the understanding of the biological activity
of proteins involved in fatal disorders such as the
Alzheimer’s disease or the prion infection [9, 10].
Synthetic polymers containing the imidazole func-
tionality have recently been reported as thermosen-
sitive, reusable displacers for immobilized metal
affinity chromatography of proteins [11, 12]. The
incorporation of the imidazole functionality in the
highly branched poly(n-isopropylacrylamide), the
polyNIPAAm, showed interest as a thermally
responsive ‘smart’ polymer for the purification of a
histidine-tagged protein fragments [13, 14]. More-
over, the absence of toxicity makes these ampholyte
polymers useful candidates in the development of
loosely cross-linked hydrogels to be used as
injectable polymer scaffolds for tissue engineering
applications [15]. The non toxic effect of the
poly(MHist) against the osteoblast cells enables the
corresponding hydrogels to be tailored in medical
treatment for more efficient routes in the adminis-
tration of pharmaceutical compounds, especially
metal-based drugs [16], and improves the absorp-
tion of loaded amino-bisphosphonates (BPs) in the
bone resorption process [17, 18]. In the latter case,
the poor absorption of bisphosphonates via the
paracellular route may be improved by a slow
releasing process of BPs loaded into the hydrogel.

Previous reported papers described the thermody-
namic behaviour of acrylate polymers with the L-
histidine residues in the free and in the cross-linked
forms [6]. Copolymers with the n-isopropylacry-
lamide were also prepared to obtain multiple stim-

CH2~]—
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CH,
|
i— c
I
c
I
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=0
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Figure 1. Structure of the monomer unit of poly(MHist)

uli-sensitive hydrogels for biomedical applications
[19, 20]. In fact, besides the pH, they were sensitive
to the temperature, the electric potential, the salt-
type and the ionic strength.

Following our interest in these kind of polymers,
we thought to study the methacrylate-structured
polymer analogues because, as a rule, the solution
behaviour of acrylate compounds differs to some
extent from that of the corresponding methacrylate
[21]. Thus, the aim of this paper is devoted to the
protonation behaviour study of the synthetic
methacrylic poly(ampholyte)s containing the L-his-
tidine residues, the poly(MHist) (Figure 1).

A series of copolymers with a variable amount of
NIPAAm was studied in order to clarify their ther-
modynamic behaviour in view of the potential
applications of the corresponding hydrogels. The
thermodynamic study of either the soluble or the
cross-linked polymers allowed to evaluate the
basicity constants along with the enthalpy and
entropy changes during the protonation of the imi-
dazole nitrogen. Moreover, the results of the
swelling properties of three different cross-linked
hydrogels were reported along with their protona-
tion behaviour. They were strictly compared to the
previously reported acrylate analogues [6, 19].

The hydrophilic behaviour of the non toxic poly
(MHist) allowed the preparation of a new type of
copolymer for nonbiofouling surfaces [22]. The
polystyrene hydrophilization with poly(MHist) and
some of its copolymers was in fact shown to be
higher than that of the BSA (Bovine Serum Albu-
min).

2. Experimental section
2.1. Materials

L-Histidine (98%), methacryloyl chloride (97%)
and 2,2’-azoisobutironitrile (AIBN, 98%) were
purchased from Wako Pure Chemical Industries.
Ammonium peroxo-disulfate (APS, 98%) and
N,N,N’,N’-tetramethylethylenediamine (TEMED)
were from Kanto Chemical Co., Inc. N,N’-ethyl-
enebis-acrylamide (EBA, 98%) and triethylamine
(TEA, 99.5%) were from Fluka Co. The AIBN was
recrystallized from methanol and all the other
reagents were used as received. The N-isopropy-
lacrylamide (NIPAAm, Wako Co.) was purified by
recrystallization from n-hexane and then dried in
vacuo. Buffer solutions (tris, phosphate, acetate)

166



Casolaro et al. — eXPRESS Polymer Letters Vol.2, No.3 (2008) 165-183

were prepared at a concentration of 0.01M in twice-
distilled water and in 0.15M NaCl. The sodium
chloride salt was of analytical grade from Fluka Co.

2.2. Syntheses

Synthesis of MHist

The N-methacryloyl-L-histidine, MHist, was pre-
pared according to the previously reported syn-
thetic routes [22, 24]. To an aqueous solution of
L-histidine (5.0 g, 32 mmol) and sodium hydroxide
(1.6 g, 40 mmol) in twice-distilled water (20 ml),
the methacryloyl chloride (3.67 ml, 38 mmol),
diluted in dioxane (10 ml), was added dropwise.
During addition, the reaction mixture was kept
under 5°C by the external ice-bath cooling, and
then the temperature was raised to room tempera-
ture for 1 hour. After removing the dioxane by a
rotary evaporator, the mixture was acidified to
pH 2 with concentrated hydrochloric acid and
extracted with ether. The aqueous layer was adjusted
to pH 5 and concentrated in vacuo to obtain crude
MHist. The crude monomer was purified by
repeated precipitations from ethanol to acetone and
dried in vacuo.

Synthesis of polyMHist

The poly(N-methacryloyl-L-histidine), polyMHist,
was synthesized by a conventional free-radical
polymerization [25]. The polymer was obtained as
follows. A mixture of MHist (0.5 mmol) in ethanol
(20 ml) containing AIBN (0.05 mmol) was purged
with N> gas and then allowed to react under nitro-
gen atmosphere at 70°C for 20 h. The obtained
polymer was purified by using a dialysis cello-
phane tubing-seamless (MWCO 3500 g/mol) in
twice-distilled water for 2 days and then lyophilized
to give a white powder.

Synthesis of poly(MHist-co-NIPAAm)

The poly(N-methacryloyl-L-histidine-co-N-iso-
propylacrylamide), poly(MHist-co-NIPAAm), co-
polymers were synthesized by the conventional
free-radical polymerization reaction. Three differ-
ent samples of the NIPAAm/MHist copolymers
with decreasing amounts of MHist, namely co-3,
co-2, and co-1, were synthesized. The mixture of
MHist and NIPAAm with different molar ratio (the

total mole was adjusted to 20 mmol) in twice-dis-
tilled water (40 ml), and containing 30 ul of
TEMED 10 mM solution, was purged with N gas
and then 100 pl of APS 5 mM solution were added
and allowed to react under nitrogen atmosphere at
room temperature for 18 h. The polymer obtained
was purified by using a dialysis cellophane tubing-
seamless (MWCO 3500 g/mol) in twice-distilled
water for 2 days and then lyophilized to give a
white powder.

Synthesis of hydrogels

Three hydrogel samples containing only MHist
(MH2) and a mixture of NIPAAm/MHist (CMH2,
CMH10), were prepared according to a previously
reported procedure [6,19,26]. The two poly
(MHist-co-NIPAAm) hydrogels, at a NIPAAm/
MHist molar ratio of 12, were synthesized by cross-
linking with 2 (CMH2) and 10 (CMH10) mol% of
EBA. The hydrogel MH2 was obtained only with
the MHist cross-linked with 2 mol% of EBA. The
synthesis was carried out in a glass tube, containing
the monomer solution at a total concentration of
15 wt%, after their degassing under vacuum and
under a nitrogen atmosphere. The reaction mixture
was kept at room temperature for 24 h even if the
gelation was observed within 4 h. Afterwards, the
gel samples were removed, thoroughly washed
with twice-distilled water for two weeks, and then
slowly dried at r.t. to a constant weight. In all cases,
the yield was more than 90%.

2.3. Spectroscopic and molecular
characterization

The molecular characterization of polyMHist
homopolymer and related copolymers was per-
formed by a multi-angle laser light scattering
(MALS) Dawn DSP-F photometer from Wyatt
(Santa Barbara, CA, USA) on-line to a size exclu-
sion chromatography (SEC) system. The SEC-
MALS experimental conditions were the follow-
ing: 0.2M NaCl + 0.1M Tris buffer pH 8.0 as
mobile phase, two TSKgel PW G4000 and G3000
columns from Tosoh Bioscience (Stuttgart, D),
35°C of temperature, 0.8 ml/min of flow rate and
150 ul of injection volume. The wavelength of the
MALS He-Ne laser was 632.8 nm. The light scat-
tering signal was simultaneously detected at fifteen
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scattering angles ranging in the solvent from 14.5°
to 151.3°. The calibration constant was calculated
using toluene as standard assuming a Rayleigh Fac-
tor of 1.406-10-5 cm-!. The angular normalization
was performed by measuring the scattering inten-
sity of a concentrated solution of a BSA globular
protein in the mobile phase assumed to act as an
isotropic scatterer. The refractive index increment,
dn/dc, of polyMHist homopolymer and copolymers
with respect to the used solvent was measured by a
KMX-16 differential refractometer from LDC Mil-
ton Roy (Riviera Beach, FL, USA). The dn/dc val-
ues were: polyMHist: 0.190 ml/g, co-1: 0.175 ml/g,
co-2: 0.177 ml/g, co-3: 0.182 ml/g. Proton NMR
spectra of the monomer and the polymers were
recorded in D>O on a 400 MHz spectrometer
(JEOL EX400, Japan). The FT-infrared spectra of
the same compounds were recorded on a FT'S 6000
Biorad spectrophotometer. The MALDI-TOF mass
spectra were recorded in the reflection mode, using
a Voyager-DE STR instrument (Perseptive Biosys-
tem) mass spectrometer, equipped with a nitrogen
laser (A = 337 nm, pulse width = 3 ns), working in
a positive ion mode. The accelerating voltage was
25 kV, the grid voltage and the delay time (delayed
extraction, time lag) were optimized for each sam-
ple to achieve the higher mass resolution (FWHM).
The laser irradiance was maintained slightly above
threshold. The samples used for the MALDI analy-
ses were prepared as follows: 10 ul of polymer
solution (10 mg/ml in H,O or C,HsOH) were
mixed with 30 ul of HABA solution (0.1M in
C2HsOH), then 1 ul of each analyte/matrix mixture
was spotted on the MALDI sample holder and
slowly dried to allow the analyte/matrix co-crystal-
lization. A mass resolution of about 4000 Da was
obtained in the best MALDI mass spectra recorded.

2.4. Viscometric measurements

Viscometric measurements were carried out with
an AVS 310 automatic Schott-Gerate viscometer at
25°C on a dilute aqueous polymer solution. The
solution was freshly prepared by weighing and dis-
solving a known amount of the polymeric com-
pound (MHist content, mmol: polyMHist, 0.2154;
co-3, 0.2258; co-2, 0.2258; co-1, 0.1368) in 25 ml
of 0.15M NaCl containing a measured volume of
standard 0.1M NaOH solution. A standard 0.1M
HCI solution was stepwise delivered by a Metrohm

Multidosimat piston buret. The evaluation of the
pH, at each neutralization step, was made with the
program Fith [27] from the logK® and the n values
of the corresponding polymer and copolymers (see
basicity constants, section 3.2). Viscometric data at
different temperatures were obtained on polymer
solutions at three different significant pHs (9, 5,
and 2). A weighed amount of copolymer (co-1,
336 mg; co-2, 282 mg; co-3, 97.9 mg) was dis-
solved in 25 ml of 0.15M NaCl and the pH was
controlled by adding the stoichiometric quantity of
standard NaOH or HCI solutions. The temperature
was monitored by the Haake DC10 thermostat
(Thermo Electr. Corp.).

2.5. Potentiometric measurements

The acid-base potentiometric measurements were
carried out in aqueous media at 25°C, following a
previously reported procedure [6, 19]. A TitraLab
90 titration system (from Radiometer Analytical),
consisting of three components (Titration Manager,
TIM900; high-precision autoburet, ABU901; and
the sample stand) and connected to the TimTalk 9
(a Windows based software, for remote control)
was used to record the potentiometric titration data
of the monomer, the polymers, and the hydrogel.
All the titrations were carried out in a thermostated
glass cell filled with 100 ml of 0.15M NaCl in
which a weighed quantity of solid material and a
measured volume of standard HCI solution were
dispersed by magnetic stirring, under a presaturated
nitrogen stream. Forward titrations were carried out
with a standard 0.1M NaOH solution and reliable
results were obtained for the back-titration with a
standard 0.1M HCI solution. Unlike the monomer
and the polymers, which, being soluble over the
whole pH-range investigated were titrated at the
equilibration time of 300 s for each titration step
(0.04 ml), the MH2 roughly and finely crushed
hydrogel sample (0.1205 mmol) was titrated at dif-
ferent equilibration times (1500 and 3000 s). In the
case of the roughly crushed hydrogel, hysteresis
loops were obtained during the forward and back-
ward titrations with NaOH and HCI standard solu-
tions, respectively; the finely crushed hydrogel
improved a faster response in reaching equilibrium
conditions. A typical potentiometric titration curve
for the soluble compounds is reported in Figure 2,
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Figure 2. Potentiometric titration curves (pH in relation to
the volume of standard NaOH 0.1084M) of
MHist (a, 0.1997 mmol), co-3 (b, 0.2090 mmol),
and polyMHist (c, 0.1864 mmol) in 0.15M NaCl
at 25°C

VT [ml HY/OH"]

Figure 3. Potentiometric titration curves of the MH2
hydrogel (a, b: roughly crushed; c, d: finely
crushed) protonation in 0.15M NaCl at 25°C.
Equilibration time for each titrant addition
(0.04 ml of 0.1205M NaOH forward, blue
curves; 0.04 ml 0.1123M HCI backward, red
curves): 1500 s (triangle) and 3000 s (square)

while Figure 3 shows the titration curves of the
MH?2 hydrogel in the rough and fine crushing state.
The basicity constant (logK) values of the monomer
were evaluated with the Superquad program [28]
taking into account all the points of three independ-
ent potentiometric titration curves (ca. 300 data
points) carried out with a different amount of lig-
and (0.13-0.20 mmol). On the other hand, the
basicity constants of the free (polyMHist, 0.15-
0.19 mmol; co-3, 0.21 mmol; co-2, 0.23 mmol;
co-1, 0.13 mmol) and the cross-linked polymers
(MH2, 0.12-0.15 mmol) were evaluated with the
ApparK program [27]. In these cases each potentio-
metric titration was computed to evaluate both the
logKs into a separated pH-buffered region. In all
cases, the E° calibrations were performed before

and after each titration with the standard Tris grade-
reagent. Three replicates were averaged and their
standard deviations calculated.

2.6. Calorimetric measurements

Calorimetric measurements were carried out in
aqueous solution at 25°C, following a previously
reported procedure [6], by the use of a Tronac titra-
tion calorimeter (mod 1250) operating in the iso-
thermal mode. A stainless steel reaction vessel was
filled with 25 ml of 0.15M NaCl (containing a
measured amount of standard NaOH solution) in
which a weighed quantity of solid material (MHist
content, mmol: monomer MHist, 0.12-0.24;
polyMHist, 0.14-0.22; co-3, 0.13-0.23; co-2, 0.13—
0.23; co-1, 0.14) was dissolved and titrated with a
standard 0.1M hydrochloric acid solution at a BDR
(buret delivery rate) of 0.0837 ml/min through a
Gilmont buret. The titrations were performed at
high and low MHist content for the protonation of
the only imidazole nitrogen and for the protonation
of both the imidazole and the carboxylate groups,
respectively. Before and after each experiment, the
chemical calibration with Tris/HCI and the correc-
tions for the heats of the titrant dilution were made.
All the experiments were automatically controlled
by the Thermal program (from Tronac, Inc.) which
was renewed to operate through a NI-DAQ driver
software in Windows (from National Instruments).
The graphical programming language LabVIEW
was used to create the application. The evaluation
of the enthalpy change (-AH®) values was obtained
with the Fith program [27] by taking into account
the linear dependence of the logKs on o (the degree
of protonation) for the polymeric compounds. The
entropy change (AS°) values were calculated. The
results of at least two replicates were averaged.

2.7. Swelling measurements

Swelling measurements of the hydrogels (MH2 and
CMH?2) were carried out in different conditions of
pH and temperature, at equilibrium conditions. The
equilibrium degree of swelling (EDS) was meas-
ured every 24 h because the kinetic DS/time curves
reached a plateau in these conditions. A weighed
sample of dry gel (MH2, 30.4 mg; CMH?2, 28.7 mg),
contained in a Strainer cell (100 um pore size), was
immersed in a thermostated glass cell filled with
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100 ml of aqueous solution at the desired pH, under
stirring by the magnetic bar. The temperature probe
and the pH glass electrode were controlled by the
TimTalk 9 software. The EDS in relation to pH for
both the hydrogels was monitored at different pHs
of the proper buffer. The EDS in relation to the
sodium chloride concentration was monitored at
25°C and in Tris/HCI buffered solution at pH 9.02
by the daily addition of weighed portions of the salt
to produce the desired final concentration. The
effect of the temperature for the CMH2 gel was
monitored in buffered solutions at three different
pHs (9.02, 5.01, and 3.07) and at a constant ionic
strength (0.15M NaCl). In all cases, the gel sample
and its container were removed from the bath at
intervals, blotted with a tissue paper to remove any
surface droplets, and weighed (wet weight, Wie).
The procedure was repeated at 12-24 h intervals.
The EDS value was calculated by the relation:
EDS = (Wyer-Wary)/Wary, where W,y is the weight
of the dry gel sample.

2.8. Electric measurements

Hydrogels contraction measurements were carried
out at 25°C according to the previously reported
procedure [19]. A constant voltage was applied
between two gold electrodes (16 mm diameter) in a
cylindrical nylon cell, and with a mobile cathode
positioned on the gel sample. The hydrogels
(CMH2 and CMHI10) were swollen in a 0.01M
Tris/HCI buffer solution at pH 9, then a specimen
of 5 mm thick was cut and used for contractile
experiments for a period of 10 min. Under the
application of the electric field, each hydrogel
change in the thickness was controlled by a digital
comparator that was sensitive to displacements of
102 mm (Digimatic indicator 266-2745, Mitu-
toyo). All the experiments were controlled through
a NI-DAQ driver software in Windows (from
National Instruments) and the graphical program-
ming language LabView was used to create the
application. The gel deformation was recorded at
intervals of 1 s under the applied voltage (2.5, 5.0,
and 7.0 V) by a dc power supply.

2.9. Evaluation of cytotoxicity

Cell culture

Mouse osteoblast cells (MC3T3-E1) obtained from
the RIKEN Cell Bank (Tsukuba, Ibaraki, Japan)
were cultured to confluence in culture dishes
(Corning Co., Ltd.) containing a medium composed
of Minimum Essential Medium, alpha modified
(MEM-a, Kohjin Bio Co. Ltd., Japan) supple-
mented with 10% fetal bovine serum (FBS,BioW-
est, France) in a fully humidified atmosphere with a
volume fraction of 5% CO, at 37°C.

Cytotoxicity evaluation

The cell viability was evaluated by using a Cell
Counting Kit [29] (WST-1 method, Dojindo Lab.,
Tokyo, Japan). Briefly, after the MC3T3-E1 cells
reached confluency, they were trypsinized and
seeded at 1-10% cells/cm? onto 96-well multiplate
(Corning Co., Ltd.) then incubated for 2 days in
a humidified atmosphere containing 5% CO; at
37°C. After removing the cultured medium, 100 pl
of fresh culture medium supplemented with 10%
[v/v] FBS and containing each MHist sample were
added to each well and allowed to stand for in a
fully humidified atmosphere with a volume fraction
of 5% CO, at 37°C. After 24 h of incubation, 10 pl
of WST-1 reagent were added to each well and the
wells incubated for 2 h at 37°C; then 10 pl of 0.1N
HCI aqueous solution were added to each well to
stop the reaction. The absorbance of aliquot of the
solution was measured at 450 nm, with a reference
of the absorbance at 655 nm, with a multiplate
reader (Bio-Rad model 650, Tokyo, Japan). The
results were expressed as viability [%] related to a
control containing no MHist samples. The error bar
means standard error of four experiments.

3. Results and discussion
3.1. Syntheses and characterization
Monomer

The ~-methacryloyl-L-histidine (MHist) was pre-
pared according to the synthetic route to obtain
vinyl monomers from o-aminoacids [2, 4-6, 22-24].
The reaction between methacryloyl chloride and
L-histidine at low temperature (< 5°C) allowed to
obtain a white powder freely soluble in water. The
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Table 1. Main IR frequencies [cm~!'] and protonNMR
chemical shifts (8 [ppm]) of N-methacryloyl-L-
histidine

Assignments

1709 (w) C=0 stretch of COOH group;
1656 (s) Amide I; 1620 (sh) C=C;
1600 (vs) Imidazole group;

IR 1534 (s) Amide 1I; 1437 (w) —CH3;
1393 (vs) C=0 stretch of COO~

w: weak; s: strong; sh: shoulder; vs: very strong

1.75 (s, 3H CH3C(=CHz)H-);

2.95-3.23 (m, 2H —CH2- Imidazole);
4.41-4.46 (g, H -NHCH(COOH)CH»-);
5.31-5.52 (m, 2H CH»=C(CH3)-);

7.12 (s, 1H Imidazole, -C=CHN=);
8.44 (s, 1H Imidazole, -N=CHNH-)

'H NMR

potentiometric purity revealed that the imidazole
nitrogen was protonated more than 92 wt%, while
the carboxyl group was mostly in the ionized form.
The expected structure was confirmed by the
TH NMR and FT-IR spectroscopy. Table 1 summa-
rizes the observed main infrared frequencies and
the chemical shifts of the MHist.

Unlike the previously reported acrylate monomer,
the N-acryloyl-L-histidine (Hist), the MHist showed
the presence of a great amount of amphoteric
molecular species [6]. The lower chemical shifts of
the imidazole protons and the very strong band at
1600 cm~! are indicative of the prevailing zwitteri-
onic molecules [19]. This is also supported by the
greater basicity constant.

Polymers

The N-methacryloyl-L-histidine, MHist, was used
as the starting pH-sensitive monomer to synthesize
free and cross-linked polymers together with the
thermoresponsive N-isopropylacrylamide, NIPAAm,
by a radical polymerization [4-6]. Unlike the
poly(N-methacryloyl-L-histidine), the polyMHist,
that was obtained in ethanol and using the AIBN
initiator, the three copolymers with NIPAAm (co-
3, co-2, and co-1), along with the three hydrogels
(MH2, CMH2, and CMHI10), were obtained in
water solution by the use of the APS initiator
[19-26]. While the free polymers remained in solu-
tion during the polymerization process, the cross-
linked compounds gelified within 4 hrs. Compared
to the acrylate analogue [6, 19], the polymerization
of the methacrylate MHist to the corresponding

Table 2. Results of molecular characterization of
polyMHist homopolymer and copolymers by

SEC-MALS
MHist | de | M, | My
Sample content [mVg] | [ke/mol]| [ke/mol] Mw/Mjy
[weight %] g
PolyMHist 96.5 0.190 81.4 83.2 32
co-1 9.1 0.175 | 481.3 - -
co-2 17.9 0.177 | 792.2 831.6 2.0
co-3 51.5 0.182 | 304.0 380.0 2.2
Lol co-2
5 A
B i
g
Zo.0s}
=
o
= y
= polyMHist /
& \
20.04}
= L
o
0.00 L T rearalfIFET L .ll. \ L Leiiy
=108 10* 10° 108 107

Molar mass [g/mol]

Figure 4. Comparison of the differential molar mass dis-
tribution of polyMHist homopolymer, co-2 and
co-3 copolymers by SEC-MALS

homopolymer gave rise to a relatively lower num-
ber-average molecular weight, while the polydis-
persity index remained quite high, even after the
dialysis process (Table 2).

This may be ascribed to the different solvent used
in the polymerization procedure [25]. Figure 4
shows the comparison of the differential molar
mass distribution (DMM) of the polyMHist
homopolymer and the two copolymers (co-2 and
co-3) bz SEC-MALS.

Unfortunately, the chromatographic elution of the
copolymers depends on the NIPAAm content. In
particular, Figure 4 does not report the DMM of
co-1 copolymer because the chromatogram pres-
ents a long tail in consequence of a very high
NIPAAm content (about 90%). Consequently, for
the co-1 copolymer Table 2 reports only the peak
molar mass M. It is important to note that the
molar mass values from MALS are absolute and do
not depend on an eventual non-steric chromato-
graphic elution. As a result the M,, and M, molar
mass values are substantially correct, while the
polydispersity index M,,/M, (see Table 2) and in
general the DMM shape (see Figure 4) are only
approximate.
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Table 3. Molar composition of vinyl polymers containing
L-histidine residues

Compd MHist purity, [mol %]
Potentiometry Proton NMR
PolyMHist 96.5 100.0
co-3 35.0 36.5
co-2 10.0 8.2
co-1 4.9 35

The copolymers with NIPAAm produced higher
molecular weight compounds that in general
increased with the NIPAAm content. This led also
to a greater viscosity in a wide range of pH (see the
protonation section). However, in all cases the
TH NMR spectra showed that the chemical shifts of
the vinyl double bond (5.31-5.52 ppm) completely
disappeared, and the broad lines were consistent
with the presence of a slowly tumbling macromole-
cular species in D>O solution. The FT-IR spectra
confirmed the total conversion of the monomers
into the corresponding polymers. The band inten-
sity at 1599 cm~! present in the polyMHist decreased
as the NIPAAm unit increased in the copolymers.
In the meantime, the new band of the NIPAAm
Amide I increased and slightly shifted to greater
wavenumbers, in the same way as happened for the
1459 cm! band of the isopropyl group [31, 32].

Ay

6000 —

A
1As 4

A
D, 6

4000 —

Counts

2000 7

1000 1200

Based on the NMR and potentiometric results, the
relative comonomer MHist/NIPAAm incorporation
level reflected the comonomer feed ratio. Table 3
shows that the amount [mol%] of titrated MHist in
the polymers is in agreement with that evaluated by
the proton signals of the methyl groups.

These results suggest a presumably total conver-
sion of the monomers into the corresponding poly-
mers, being the reaction of radical type. A random
distribution of MHist units in copolymers with
NIPAAm may be expected because the basicity
constants and the n values showed a decreasing
trend (see protonation section). When both the
monomers had a close structure, a random distribu-
tion of charged units was observed in the copoly-
mer. This reflects lower electrostatic effects due to
a lower content of charged groups. [25, 30, 32].
Moreover, the hydrogels were obtained at the
fixed amount of cross-linking agent (EBA, 2 and
10 mol%) and with a NIPAAm/MHist molar ratio
of 0 and 12, in order to have, respectively, a greater
content of pH- or temperature-responsive co-
monomer content. After the polymerization proce-
dure, the samples were slowly dried at r.t. for a
week and then under vacuum. As expected, the
acid/base potentiometric titrations of the gel MH2
revealed that the imidazole nitrogen content of

1800

2000
m/z

2200 2400 2600 2800 3000

Figure 5. Positive ions MALDI-TOF mass spectrum of the polyMHist sample
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Table 4. Structural assignments of peaks displayed in the MALDI-TOF mass spectrum of the polyMHist

Structures? [MH]* (n)b [M+Na]* (n)b
783.7 (3) 805.7 (3)
" 1006.9 (4) 1028.9 (4)
HC 3 1230.1 (5) 1252.1 (5)
He C [ CH c] OC,H, 1453.3 (6) 14753 (6)
3 | . 1676.5 (7) 1698.5 (7)
A= CN ) ¥ 1899.7 (8) 1921.7 (8)
. N7 2122.9 (9) 2144.9 (9)
HNCH CHﬂ_“ifq;N+ 2346.1 (10) 2368.1 (10)
Coo" N 2569.3 (11) 2591.3 (11)
2792.5 (12) 2814.5 (12)
3015.7 (13) 3037.7 (13)
962.8 (4) 984.8 (4)
i CH, 1186.0 (5) 1208.0 (5)
3 | 7 1409.2 (6) 1431.2 (6)
H,C-C 1 CHC | H 1632.4 (7) 1654.4 (7)
Be ’ 'CN |=0 H 1855.6 (8) 1877.6 (8)
/ N- 2078.8 (9) 2100.8 (9)
HN—CH—CH;—(, H 2302.0 (10) 2324.0 (10)
) N4 25252 (11) 2547.2 (11)
Co0 H 27484 (12)
2971.6 (13)
939.8 (4) 961.8 (4)
CH, 1163.0 (5) 1185.0 (5)
Lo e ocn 1386.2 (6) 1408.2 (6)
H-- 7 OCHs 1609.4 (7) 1631.4 (7)
oo ¢=0 H 1832.6 (8) 1854.6 (8)
= ] - 2055.8 (9) 2077.8 (9)
HN—CH—CH; (|| 2279.0 (10) 2301.0 (10)
lcoo- TNy 2502.2 (11) 25242 (11)
H 2725.4 (12) 2747.4 (12)
2948.6 (13) 2970.6 (13)
W, c, o, 880.8 (3) 902.8 (3)
. [ 3 | 1104.0 (4) 1126.0 (4)
_ HC-CH; |-CH;-C-CH,:C— COCl 1327.2(5)
cocCl (E:() H 1550.4 (6)
I 1773.6 (7)
Hist 1996.8 (8)
CH, H, cH, 840.6 (3)
: ﬁ 1063.8 (4)
$_=c1 |+cnz—c%c1 1=C—COOH
COOH =0
Hist
H ‘H 853.6 (3)
(f ? ((  CH, 1076.8 (4)
CH-CH; [ CH; C——C.
F= e,
COOC,H (f=0 CN
Hist
CH, cH,  CH, 870.6 (3)
| - | 1093.8 (4)
CH-CH;+CH;-C—+CH=C
G= b | - 1k

COOC,H, C=0 COOH

Hist
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Table 4. Continued

Structures? [MH]* (n)» [M+Na]* (n)P
CH, (ng CH, 893.8 (2)
’ 1117.0 3)
?=(:H+CH;|CJFCH=C
H= .
C=0 ({:0 ((‘=0
Hist Hist Hist
CH, CH, 1023.8 (4)
r 3 1247.0 (5)
C,H0—CHy C—-CH=C
) C=0 COOH
Hist
a) Hist =
H
HN—CH—CH;—(,
| SN

00 |
Co0 I

b) Values in parentheses are the repeating units

MHist was in agreement with the feed composition.
The potentiometric curves showed large hysteresis
loops [4] during the forward and backward titra-
tions with NaOH and HCI solutions, respectively
(Figure 3). This may be ascribed to the grinded
state of the sample, considering that the MH2 gel
particles were large and compact. The large size
distribution of the material, along with its compact-
ness, may slow down the equilibration for the pro-
tonation mechanism of the gel MH2, due to a hard
deep diffusion of the hydrated H*/OH™ ions into the
interior of the gel particles. The potentiometric
curves reached a faster equilibrium condition when
a finely crushed sample of MH2 was titrated at the
equilibration time of 1500 s and 3000 s for each
titrant (H*/OH") addition (Figure 3).

The MALDI-TOF mass spectrometry technique
[33-35] has been used to characterize the chemical
structures of the polyMHist oligomer components.
Figure 5 reports a typical mass spectrum of the
polyMHist, recorded in reflection mode, using
HABA (0.1N in C;H50H) as a matrix and the poly-
mer dissolved in water. This spectrum exhibits a
series of peaks from 750 up to 3000 Da correspon-
ding to the protonated and sodiated ions of the
polyMHist oligomers with a variety of the end
groups, and they have been assigned (Table 4) to a
specific oligomer structure. The identification of
the structure and the end groups attached to the
oligomers produced in the free-radical polymeriza-

tion process is of utmost importance, since the end
groups reveal the particular mechanisms that have
been active in the polymerization process. The
structures of the oligomers corresponding to the
mass peak series A, and B in Figure 5, belonging to
the expected oligomers terminated with isobu-
tironitrile (IBN) groups at one end (Table 4), are
due to the initial reaction of the radical initiator
with the monomer MHist. The oligomers A are also
terminated with an etoxyl group (-OC;Hs) at the
other end chain, indicating that a reaction between
macroradicals and the ethanol used as solvent
occurred. The oligomers B, besides the IBN
groups, are terminated with H and are maybe gen-
erated by a H-extraction reaction, that occurs in a
typical free-radical polymerization. The last two
reactions led to the oligomers C which are termi-
nated with —H and —OC;Hs species (Table 4). The
intense peaks belonging to the mass series D were
assigned to the unexpected oligomers terminated
with methacryloyl chloride groups at both the ends.
These are due to the metacryloyl chloride unit pres-
ent as not detectable trace in the purified MHist
used as monomer in the synthesis of the polyMHist
sample. These peaks disappeared when the crude
polyMHist sample was dissolved in ethanol to pre-
pare the sample for the MALDI analysis, giving in
this case intense mass peaks due to the correspon-
ding oligomers with ethyl methacrylate end chains.
Looking at the inset in Figure 5, we observe the
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presence of weak mass peaks labelled as E, F, G
and I (Table 4) corresponding to the oligomers that
could be generated from oligomers terminated with
metacryloyl chloride groups. Finally, the oligomers
species indicated as H and I, as well as the species
G, bearing unsaturated end groups (see Table 4)
could be formed by the disproportionation reac-
tions that occur during the conventional free radical
polymerization.

3.2. Protonation study

Potentiometry, viscometry, and solution calorime-
try were the main techniques used to study the pro-
tonation behaviour of the monomer, the polymer,
the copolymers and the hydrogels at 25°C in aque-
ous 0.15M NaCl.

Basicity Constants and viscometry

The basicity constant values for the protonation of
the basic imidazole nitrogen (logKi) and the car-
boxylate group (logK») in the MHist and in the
related polymer and copolymers are reported in
Table 5. In the same table the basicity constants for
the MH2 hydrogel is also reported.

The presence of the methyl groups in the main
chain of the polymer structure strongly reduces the
polyelectrolyte behaviour because of the increased
hydrophobicity. The logK; of the MHist (6.88)
showed a greater value than that of the Hist (6.48)
for inductive effects. On the other hand, the corre-
sponding polymeric compound showed a quite sim-
ilar logK value. The hydrogel MH2 showed greater
logKs and a lower n value; this trend, being similar
to the previously studied acrylate hydrogels, may
be attributed to the reduced conformational free-
dom because of the cross-linked network structure.

However, in all cases the logKs follow the modified
Henderson-Hasselbalch equation [36] showing a
linear decreasing pattern on the degree of protona-
tion o of the whole macromolecule. The experi-
mental data, i.e. pH in relation to o, fitted very well
the generalized Henderson-Hasselbalch equa-
tion (1):

pH = logK;° + n-log[(1 — a)/at] (D)

which has been checked experimentally for a num-
ber of polyelectrolytes [37, 38]. The linear relation-
ship between pH and log[(1 — at)/at], over a wide
range of o values, gives a straight line for all the
compounds studied (Figure 6).

This led to exclude any transition region between
the coil to compact structure, as occurred for other
class of polyelectrolytes [37, 38]. The n value for
the protonation of the imidazole nitrogen in the
polyMHist and the corresponding copolymers,
being related to the magnitude of the electrostatic
interactions as well as being a measure of the
hydrophilic influence [39], is always much lower
than that reported for the acrylate analogue. Fur-

9

y=1.54x+7.50
y=1.45x+7.11
y=1.28x+6.88

y=1.27x+6.80
y=1.07x+6.87

logl( 1—cx)/ix]

Figure 6. Typical Henderson-Hasselbalch plots of the
MHist soluble compounds in 0.15M NaCl at
25°C

Table 5. Basicity constants of vinyl compounds containing L-histidine residues at 25°C in 0.15M NaCl

Compd logK°y ny logK®
MHist 6.878 (2) 2.772 (6)
Hista 6.48 -
PolyMHist 7.53 (7) 1.49 (5) 2.0
MH2 7.66 (18) 1.29 (9) 2.5
PolyHist? 7.64 2.22 2.3
co-3 7.06 (6) 1.41 (6) 2.5
co-2 6.84 (6) 1.23 (7) 2.8
co-1 6.70 (12) 1.15(12) 2.8
Poly(Hist-co-NIPAAm)?2 7.11 1.76 2.9

logK| =1logK®| + (n1— Dlog[(1 — o)/o]

aValues in parentheses are standard deviations. Ref. 6.
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thermore, as the protonation of the imidazole nitro-
gen is concerned, the linear decreasing pattern of
the logKi, and also of the ni, in relation to the
MHist content in copolymers with NIPAAm, is a
result of the increased distance between the charges
along the chain. This reduces the electrostatic con-
tribution of the charges and shows as the monomers
are randomly distributed with a predominance of
block-like NIPAAm units. Similar results were pre-
viously reported for vinyl related copolymers con-
taining L-valine residues [30, 31]. In the latter case,
the decreasing trend of the logK for the acrylates
was ascribed to the increased distance between the
charges, while methacrylate compounds showed a
closer homopolymer polyelectrolyte behaviour. A
block-like distribution of the charged methacrylic
units was hypothesized in view of their different
monomeric structures. In the case of the poly
(ampholyte)s, any increase of the uncharged
NIPAAm units, leads to a decrease of the proton
up-take by the basic imidazole nitrogen. The logK;
decrease is always due to the lower decreased elec-
trostaticity exerted by the charged carboxylate
anions. When the MHist content is very low, the
logK; value approaches that of the corresponding

100
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60

40

Reduced viscosity [dl/g]

20

Figure 7. Reduced viscosity (n/C [dl/g]) of the polyMHist
in relation to the pH (a) with the superimposed
species distribution curves [%] obtained by the
logKs evaluated at 25°C in 0.15M NacCl (b — di-
protonated L*; ¢ — mono-protonated, zwitteri-
onic L*; d — un-protonated L~, where L is the
monomer unit of the polymer)

monomer. On the other hand, the protonation of the
carboxylate group in the copolymers cannot be well
depicted because of the low basicity constants.
These values account only for a limited degree of
protonation in the experimental condition of this
study.

The viscometric data well support the protonation-
like mechanism of the polymers containing MHist.
Figure 7 shows the reduced viscosity pattern at dif-
ferent pHs of the homopolymer polyMHist, while
Figure 8 shows the conformational behaviour of the
corresponding three copolymers.

In all cases, the fully ionized macromolecule (L") is
in the extended chain conformation. As the proto-
nation of the basic imidazole nitrogen occurs, the
coiling is sharp at pH close to the logK; and
becomes the lowest at the maximum formation of
the zwitterionic L* species. In the polyMHist, as
the protonation proceeds, with the neutralization of
the carboxylate anion, the coil dimension increases
again for the presence of a net positive charge on
the macromolecule (L*). This trend, even if present
in the copolymers co-3 and co-2, having relatively
a greater amount of MHist content, was not shown
in the copolymer co-1. Moreover, as the MHist
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Figure 8. Reduced viscosity in relation to the pH for the
poly(MHist-co-NIPAAm) copolymers at 25°C
in 0.15M NaCl
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content in the copolymers decreased, the lowest
minimum of the reduced viscosity was shifted at
lower pHs, with the disappearance in the co-1.
Even if this behaviour seems to be quite interesting,
the further collapse of the macromolecular coil at
lower pH may be due to more competitive electro-
static-hydrophobic forces. During the protonation
process, the polymer gradually uncoils, due to the
increased electrostaticity of the protonated imida-
zole nitrogen. The hydrophobic forces between the
isopropyl groups in NIPAAm are able to outweigh
the repulsive electrostatic interactions when they
are present at a critical concentration. A similar
behaviour was already observed for vinyl poly
(acid)s containing o-aminoacids with lateral iso-

propyl groups [30].

Enthalpy and entropy changes

The results of the calorimetric titrations revealed,
for all the compounds considered, similar enthal-
pograms during the protonation of the basic groups
present in the MHist moiety. The exothermic proto-
nation reaction of the imidazole nitrogen revealed a
well defined break-point corresponding to the
amount of MHist close to that found by the poten-
tiometry. The further protonation of the carboxylate
anion showed a rather negligible endothermicity.
Thus, we evaluated the enthalpy (—AH°) and the
entropy (AS®) change values only for the imidazole
nitrogen protonation (Table 6). The results of the
methacrylate compounds (MHist and polymers
containing MHist) showed rather similar protona-
tion behaviour also when compared to the previ-
ously reported acrylate analogues [6].

Unlike the reported study on poly(Hist) [6], that
showed a peculiar —AH®/o plot and the protonation
process of which was likely attributed to the forma-
tion of hydrogen bonds between adjacent monomer

units, the poly(MHist) revealed a ‘real’ —AH°® that
was independent on the degree of protonation o.
The different behaviour may be ascribed only to the
presence of the further methyl group in the back-
bone macromolecular chain. Its hydrophobic char-
acter was evident in the greater AS° value of the
MHist and the polyMHist when compared to the
corresponding acrylate analogues [6]. However, the
lower polyelectrolyte effect reported for the
polyMHist during the protonation of the basic imi-
dazole nitrogen is reflected in a lower AS° decrease
on 0, involving thus the release of further water
molecules surrounding closer monomer units. In
Figure 9 is reported the decreasing trend of AS° in
relation to o for the protonation of the imidazole
nitrogen in polyMHist and its copolymers with
NIPAAmM.

The trend is similar to that shown by the correspon-
ding logKs, and, being the —AH® ‘real’ (i.e. inde-
pendent on o), the polyelectrolyte effect is only
attributed to entropy contributions. In fact, the pro-
tonation of the imidazole nitrogen led to a sharp
decrease of the macromolecular coil with the for-
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Figure 9. Entropy change (AS° [J/(mol-K)]) values in rela-
tion to o for the protonation of the imidazole
nitrogen in polyMHist and related copolymers in
0.15M NaCl and 25°C. (Dotted lines refers to
—AG?® of the same compounds)

Table 6. Thermodynamic functions of the imidazole nitrogen protonation in vinyl compounds containing L-histidine

residues (25°C in 0.15M NaCl)

Compd -AG®, [kJ/mol] —AH®, [kJ/mol] AS°, [J/(mol-K)] Ref.
MHist 39.26 (1) 293 (2) 33.4(7) This work
Hist 37.0 30.5 21.8 [6]
PolyMHist 43.0 (4) 28.1 (4) 50 (1) This work
PolyHist 43.6 30.6 44 [6]
o3 403 (3) 29.6 (6) 36 (2) This work
co-2 39.0 (3) 28.1 (6) 37(2) This work
co-1 38.2(7) 28.7(7) 35(2) This work
Poly(Hist-co-NIPAAm) 40.6 29.5 37 [6]
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mation of zwitterionic species. Besides the likely
ordering to some extend of the zwitterions, the
process led to a release of water molecules because
the macromolecule becomes tightly coiled. This
was seen in some cases because phase separation
occurred at the isoelectric point. As a matter of fact,
the corresponding hydrogels decreased their degree
of swelling for the loss of water molecules.

3.3. Swelling behaviour of hydrogels

The swelling behaviour of the hydrogels was stud-
ied in relation to the pH, the temperature, the elec-
tric current, and the concentration of the simple
NaCl salt at pH 9, i.e. in the completely ionized
form of the MHist units. The sample slabs swelling
kinetics for the two different cross-linked CMH?2
and CMHI10 hydrogels was recorded at constant
ionic strength (0.15M NaCl) and at two different
pHs (1.9 and 8.8). The results, reported in Fig-
ure 10, show the different hydration ability in the
different pH conditions. It is evident that the degree
of swelling (DS) is greater for the less cross-linked
CMH2 gel and at higher pHs. In both cases, the
equilibrium DS was reached within few hours.
Both the gels are friable in the dry state and become
transparent as the water content increases.

25
pHes | CMh2
20 —a
pH19
15 e ==
8
CMH10
10 pH 8.8
- —
: o - e 2
0
0 5 10 15 20 25

Time [h]

Figure 10. Swelling kinetics of the hydrogels CMH2
(slabs of 50 mg) and CMHI10 (slabs of 55 mg)
at two different pHs in 0.15M NaCl and 24°C

Effect of pH, temperature, ionic strength, and
electric current

The swelling behaviour of the hydrogel MH2 in
relation to pH, at 25°C in 0.15M NaCl, is reported
in Figure 11. The EDS/pH plot, being similar to
that reported for the viscometric data of polyMHist
in Figure 7, sensitively reveals a decreasing pattern
by increasing the pH in the narrow range 4 to 6. In
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Figure 11. Equilibrium degree of swelling (EDS) in rela-
tion to the pH of the gel MH2 in 0.15M NaCl
at 25°C

this pH-range the zwitterionic form predominates
with its maximum at the isoelectric point (i.p.,
pH 5). It is likely that the greater logK values of the
hydrogel, with its lower polyelectrolyte behaviour,
may lead to more stable ionized species of greater
hydrophilic quality. As the pH shifts-out from this
range, the gel MH2 swells as a consequence of its
water content increase, due to the predominance of
net positive or negative charges.

On the other hand, the hydrogel CMH2 behaves
likewise the copolymer co-2, having the latter a
similar comonomer composition. In Figure 12 the
EDS/pH profile of the hydrogel CMH2 at 25°C in
0.15M NacCl is reported. Compared to the previ-
ously reported acrylate CH1 hydrogel containing
Hist [19], the lower EDS value is due to the greater
cross-link density in CMH2. The striking similarity
of the swelling behaviour with the reduced viscos-
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Figure 12. Equilibrium degree of swelling (EDS) in rela-
tion to the pH of the gel CMH?2 in 0.15M NaCl
at 25°C
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ity (Figure 8) suggests a similar polyelectrolyte
behaviour of the two polymers, even in the differ-
ent free and cross-linked forms. On the basis of
these results it is likely to hypothesize any tailoring
hydrogel system to collapse at desired pHs, by
introducing the right amount of the two co-
monomers. Of course, if in these copolymers the
MHist content becomes less than a critical value
(about 5 mol%), the polyampholyte quality van-
ishes because of the superimposing effect of the
hydrophobic interactions exerted by the isopropyl
groups of the NIPAAm moieties.

As regards the effect of the temperature, Figure 13
shows the swelling behaviour of the CMH2 hydro-
gel in a wide range of temperatures. The hydrogel
swelling was studied in 0.15M NaCl and in three
different buffered solutions of significant pHs.
Any increase of the temperature resulted in a
deswelling ability of the hydrogel. It retained its
hydration state at high as well as at low pHs. Con-
trary to the previously reported acrylate hydrogel
CHI1 [19], the CMH2 hydrogel showed a phase sep-
aration at higher temperatures and at lower pHs.
The presence of the hydrophobic MHist unit,
instead of decreasing the LCST (Lower Critical
Solution Temperature) [40] of the NIPAAm based
hydrogels (32°C), revealed a greater temperature
increase. This point will be better investigated even
though the behaviour may be further on ascribed to
the peculiar protonation mechanism of the MHist
based hydrogels. A similar greater increase of the
phase separation temperature was observed for the
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Figure 13. EDS of the gel CMH2 in relation to the tem-
perature [°C] at three different pHs in 0.15M
NaCl

soluble copolymers. In Figure 14 is reported the
relationship between the viscometric data and the
temperature (in the range 25-46°C) of the three
copolymers (co-1, co-2, and co-3) at the three sig-
nificant pHs (9, most negatively ionized; 5, zwitte-
rionic; 2, most positively ionized).

Unlike the straight line observed in all cases by co-
3, the copolymer co-2 showed an increased nega-
tive line slope at pH 5, close to 38°C; on the other
hand, the co-1 showed more negative line slopes at
different temperatures, depending on the pH.
Table 7 summarizes the obtained results. The
observed differences are due to the different con-
tent of the MHist units in the copolymers; lower
MHist content displayed greater responsiveness to
pH and temperature. It is worthwhile noting the
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Figure 14. Reduced viscosity (n/C [dl/g]) of the three
copolymers (co-1, red curves; co-2, green
curves; co-3, blue curves) in relation to the
temperature at three different pHs (9, 5 and 2)
in 0.15M NaCl
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Table 7. Straight line parameters from the reduced viscosity values of the three copolymers co-1, co-2, and co-3

Copolymer pH Line slope R2 Range of temperatures [°C]
2 -0.0054 0.990 25-46
co-3 5 -0.0074 0.989 25-46
9 —0.0079 0.995 25-46
2 —-0.057 0.999 25-46
5 -0.072 0.982 25-46
co-2 5 -0.061 0.998 25-38
5 —0.094 0.995 38-46
9 —-0.052 0.999 25-46
2 -0.115 0.994 25-46
2 -0.109 0.998 25-35
2 —0.166 0.993 35-37
5 -0.126 0.964 25-46
co-1 5 -0.105 0.996 25-35.5
5 -0.205 0.997 35.5-46
9 —0.096 0.981 25-46
9 —-0.083 0.999 25-40
9 -0.146 0.999 40-46
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g —
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Figure 16. Hydrogel contraction [mm] in relation to the

Figure 15. EDS of gels MH2 (1), CMH2 (2), and CHI (3)
[19] in relation to the concentration of NaCl
(pH 9 and 25°C)

similar behaviour between the viscosity of the solu-
ble co-1 and the EDS of the cross-linked gel CMH2
(Figure 13), having both the compounds similar
MHist content. At the three different pHs, either the
reduced viscosity and the EDS values follow the
same trend and collapse almost at the same temper-
atures.

Moreover, the effect of the ionic strength, i.e. the
concentration of sodium chloride, on the swelling
properties of the MH2 and CMH2 hydrogels at
pH 9, is reported in Figure 15 along with the results
previously obtained with the gel CH1 [19], for
comparison.

Unlike the hydrogel MH2, which shows only poly-
electrolyte behaviour for the shielding effect of the

electric stimulation (2.5, 5.0, and 7.0 V) at
10 minutes elapsed time and pH 9

carboxylate groups negative charges, the CMH2
showed a volume phase transition phenomenon at a
NaCl concentration of 1.75 mol/l. This concentra-
tion resulted greater than that shown by the Hist-
based CH1 hydrogel [19].

The electric current effect on the two hydrogels is
reported in Figure 16. Any increase of the applied
potential linearly increased the gel contraction.
Moreover, the contraction of the gel CMH2 was
higher than that of CMH10, because of the lower
cross-links amount. These results, although more
effective, are in agreement with the previously
reported ones on the gels containing the acrylate
Hist analogues.
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Figure 17. Cytotoxicity of the MHist and poly(MHist)
against MC3T3-E1 (mouse osteoblast) cells

3.4. In vitro cytotoxicity

The cytotoxic effect of the poly(MHist) was evalu-
ated by the cell culture of osteoblasts from mouse
(MC3T3-El). Figure 17 shows the cell prolifera-
tion in the presence of the polymer and its low-
molecular weight precursor.

It is noticeable that no significant cytotoxicity was
observed for two days at concentration up to 5 mM.
Thus, these zwitterionic compounds in the cross-
linked hydrogel form may show potential applica-
tions in bone resorption when implanted in specific
tissues, for the releasing of loaded amino-bisphos-
phonate drugs [17].

4. Conclusions

This paper, concerning with our research interest
on poly(ampholyte)s [6, 19, 41], developed a ther-
modynamic study for the protonation of basic
groups in the free and cross-linked methacrylate
polymers carrying the L-histidine residues. As a
rule, methacrylate polyelectrolytes, particularly
poly(carboxyl acid)s, show more complex thermo-
dynamic data than the corresponding acrylates [42].
In the case of poly(ampholyte)s, the more hydro-
phobic character of the main polymer chain was
evident in both the free and the cross-linked hydro-
gels. Unlike the corresponding acrylate, these new
ligands show a lower polyelectrolyte behaviour.
The ‘real’ enthalpy changes and the lower n values
of the modified Henderson-Hasselbalch equation
are the two main thermodynamic data showing the
difference. Moreover, the volume phase transition
behaviour of the hydrogels, based on the pH-
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responsive poly(ampholyte)s and on the tempera-
ture-responsive N-isopropylacrylamide, revealed
that the thermodynamic data are close to the solu-
ble analogues ones. The LCST of the polyNI-
PAAm, that is close to the body temperature, may
be tuned by the pH and the proper amount of the
purposely synthesized ampholyte monomer. Ther-
modynamic and biological characterization, along
with the salt-induced phase transition and the dc
electroshrinking phenomenon shown by the
methacrylate hydrogels, are indicative of a suitabil-
ity of these materials for tissue engineering applica-
tions [15]. The increasing hydrophobic character
makes some poly(ampholyte)s suitable for the
preparation of nonbiofouling surfaces against pro-
teins and cells [22].
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Abstract. Lactic acid and e-caprolactone based polymers and their derivates are widely used in biomedical applications.
Different properties are introduced by modifying the composition. In this study, poly(e-caprolactone/D,L-lactide)-b-poly(e-
caprolactone) multiblock copolymers were synthesized as poly(ester-urethane)s (PEUs) by polymerizing in two steps
involving ring-opening polymerization of precursors and by diisocyanate linking of precursors to produce thermoplastic
elastomers (TPEs). The precursors and products were characterized by SEC, 'H-NMR and DSC, and dynamic mechanical
study (by dynamic mechanical analysis, DMA) as well as morphological characterization (by transmission electron
microscopy, TEM) of the product TPEs was carried out. Tensile and creep recovery properties of them were also studied.
According to the characterizations, all the polymerizations were successful, and the prepared TPEs showed clear elastic
behavior. In the DMA scans, rubbery plateau in the storage modulus curves between 7, and terminal flow region was
clearly detectable indicating elasticity. The TEM images demonstrated phase separation of amorphous and crystalline
blocks when the degree of crystallinity of the hard blocks was high enough. The elongations of TPEs varied between
800-1800%, while the modulus was 7-66 MPa. Two different types of recovery tests indicated the creep properties of
TPE:s to be highly dependent on the degree of crystallinity.

Keywords: biodegradable polymers, lactide, €-caprolactone, poly(ester-urethane)s (PEUs), thermoplastic elastomers
(TPEs)

1. Introduction

Widening the range of mechanical properties of
biodegradable polymers has been increasingly
studied for last decades. Ever-growing applications
scope of biomaterials runs efforts to design poly-
mers with new more sophisticated characteristics.
One of often favorable characteristic for biomed-
ical materials is elasticity. Elasticity is traditionally
achieved by cross-linking techniques and the rub-
bery properties are resulting from the chemical net-
work structure of thermosets [1]. However, in
many biomedical applications, thermoplasticity of

*Corresponding author, e-mail: jukka.seppala@tkk.fi
© BME-PT and GTE

an elastomer is a highly favourable property
enabling processing, remoulding and even injection
of the elastomer in sifu. This kind of thermoplastic
elastomers (TPEs) can be prepared by introducing
phase-separating blocks in the polymer chain so
building up physically cross-linked reversible net-
work [2].

TPEs typically are block copolymers consisting of
amorphous soft segments and crystalline hard seg-
ments. There are only a few different polymeriza-
tion methods that have been used to prepare
biodegradable block copolymer structured elas-
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tomers. One of those methods is chain extension
where different types of precursors are linked to
produce high molecular weight block copolymers
with linking agents. Chain extension method in
block copolymerization has formerly been utilized
in the biopolymer group of our laboratory [3-8],
and in some other groups [9-11]. The most widely
used linking agents have been diisocyanates which
combine hydroxyl terminated precursors to
poly(ester-urethane)s. In addition to that, several
research groups have prepared block copolymer
structures by living ring-opening polymerization,
or by something close to that, using pre-prepared
macroinitiators (segment A) to initiate the ring-
opening polymerization of segment B [12-16].
Newer polymerization techniques, such as atom
transfer radical polymerization (ATRP), have been
utilized to make the control of the resulting block
copolymer architecture more precise [17].

Along with development of different polymeriza-
tion methods, the variety of monomers and differ-
ent compositions of block copolymers have been
key factors in the design of TPEs. The use of con-
ventional biopolymer monomers such as different
lactones has been widely reported in literature
[9-17]. Typically semi-crystalline poly(L-lactide)
and poly(D-lactide) have been used as the hard
blocks [9-18] while amorphous poly(e-caprolac-
tone) [10-12, 18], poly(1,3-trimethylene carbon-
ate) [13-15] and poly(ethylene oxide) [19] have
been often used as soft components in block struc-
tured biodegradable TPEs.

This study is natural continuum of the earlier work
in the field of poly(ester-urethane)s carried by our
biopolymer group in Helsinki University of Tech-
nology [1, 3-7]. In this study, poly(e-caprolactone/
D,L-lactide)-b-poly(e-caprolactone) multiblock copolymers
were synthesized to produce biodegradable thermo-
plastic elastomers. The objective was to enhance
the recovery and creep properties of amorphous
poly(e-caprolactone/D,L-lactide) copolymers by
linking semicrystalline poly(e-caprolactone) blocks
between linear polymer chains. In other words, the
purpose was to achieve physical cross-linking by
secondary hydrogen bonds between polymer chains
by adding crystalline segments to an amorphous
copolymer. Poly(e-caprolactone) was chosen to act
as hard block as it is known capable to crystallize

[7,20]. The CL/DLLA semi-random copolymers in
molar compositions of 30/70, 50/50 and 70/30 were
chosen to act as soft blocks because they were
known to be fully amorphous by the study of Hilja-
nen-Vainio et al. [20]. The aim was to evaluate the
effect of different quantities of crystalline phase to
the recovery properties of the TPEs. Thus mechani-
cal and recovery properties of these TPEs were
rather extensively studied in addition to thermal
and dynamic mechanical tests.

2. Experimental
2.1. Materials

The poly(e-caprolactone/D,L-lactide) and poly(e-
caprolactone) precursors were polymerised from
D,L-lactide (DLLA; Purac) and e-caprolactone (CL;
Solvay). DLLA was recrystallized from toluene
and CL was dried over molecular sieves. Stannous
octoate (SnOcty; Sigma) and 1,4-butanediol (BD;
Fluka Chemica) were used as received in the ring-
opening polymerization of precursors. In the link-
ing reaction, 1,6-hexamethylenediisocyanate
(HMDI) was used, without further treatment, as
chain extender.

2.2. Preparation of poly(e-caprolactone/
D,L-lactide) and poly(e-caprolactone)
precursors

The poly(e-caprolactone/D,L-lactide) and poly(e-
caprolactone) precursors, respectively amorphous
and semicrystalline segments of the elastic
poly(ester-urethane) multiblock copolymers, are
denoted by P(CL/DLLA-BD) and P(CL-BD), and
e.g., by P(30/70-1) and P(100-1). The precursors
were polymerized in melt from CL and DLLA at
160°C under nitrogen atmosphere for six hours in a
batch reactor designed for agitation of viscous
materials. The monomers were fed to the reactor
with an appropriate amount of 1,4-butanediol as co-
initiator (0,5, 1,0 or 5,0 per 100 monomer units) for
hydroxyl termination and control of molecular
weight of the precursor. Stannous octoate was used
as initiator with amount of 0,02 mol%. The reaction
procedure is thoroughly discussed in the previous
publication of our group by Helminen et al. [1].
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2.3. Chain extension of precursors into elastic
poly(ester-urethanes)

PEUs were polymerized in a 200 ml round-bot-
tomed flask reactor equipped with one-armed stir-
rer. Precursors were first added to the reactor in the
molar ratio of 1:1 and melted at 160°C in argon
atmosphere before 30 mol% excess of 1,6-hexam-
ethylene diisocyanate as chain extender was fed to
the reactor. In earlier work by our group [3] on the
chain extending reactions of isocyanates with
hydroxyl groups, the high temperature was intro-
duced as a means to avoid the use of solvents and
catalysts typically used in the functionalization of
hydroxyl groups with isocyanates. If high tempera-
tures are allowed a more straightforward route to
the desired products is achieved without the use of
these additional components. The amount of HMDI
was calculated from the theoretical molecular
weight of the synthesized precursors, and the
30 mol% excess used in linking reactions results
from earlier experience in diisocyanate chemistry
in our group [3, 4]. The reaction time was 7—
12 minutes determined of the growth rate of the
viscosity of the reaction mixture.

2.4. Characterisations

Molecular weights (M, and M,,) and molecular
weight distributions (MWD) were determined rela-
tive to polystyrene standards by size exclusion
chromatography (SEC). The Waters Associates
system was equipped with a Waters 717plus
autosampler injector, a Waters 510 HPLC solvent
pump, four linear PL gel columns (104, 105, 103,
and 100 A) connected in series, and a Waters 2414
refractive index detector. All samples were ana-
lyzed at room temperature. Chloroform (Riedel-de
Haén,; stabilized with 1% ethanol) was used as elu-
ent, and was delivered at a flow rate of 1,0 ml/min.
The samples were dissolved in chloroform at a con-
centration of 1,0% (w/v). The injection volume was
200 pl.

For TH-NMR measurements, the samples were dis-
solved in chloroform-d; (Aldrich; deuteration
degree not less than 99,8%) in 5 mm NMR tubes at
room temperature. The sample concentration was
about 1,0% by weight. NMR spectra were recorded
on a Varian Gemini 2000 300 MHz NMR spec-
trometer working at 300 032 MHz for proton.

Differential scanning calorimetric (DSC) measure-
ments were carried out on a Mettler Toledo Star®
DSC 821¢. The measurements were run from —100 to
180°C at heating and cooling rates of 10°C-min-!.
The glass transition temperatures (7g), melting tem-
peratures (7,,), and melting endotherms (AH) of the
precursors and linked elastomers were measured
during the second heating period.

Dynamic mechanical analysis (DMA) was per-
formed on a Perkin-Elmer 7 Series instrument. The
specimens were die-cut from 2,0 mm thick hot-
pressed polymer plate. The measurements were
carried out using the three-point bending geometry
(sample size 2,0x5,0x18,0 mm) over a temperature
range of —70 to 60°C at a rate of 4°C-min-!. All
measurements were carried out at 1 Hz.
Transmission electron microscopy (TEM) was used
in morphological studies of the TPEs. Contrast for
the morphological characterization was achieved
by a sample preparation technique that relies on dif-
ferent rates of diffusion of a RuOj4 stain into the
amorphous and semi-crystalline regions [21]. First,
the sample surface was cut at temperature of
—100°C to make a smooth surface for the stain to
penetrate into the sample. The samples were then
stained in vapor of 0,5% RuQOy stabilized aqueous
solution (Electron Microscopy Science) for a
period of three days. The stained sample was micro-
tomed using a Leica Ultracut UCT ultra-microtome
with a diamond knife at temperature of —100°C,
and 70 nm thick sections were collected on 300-
mesh sized lacey carbon coated copper grids.
Bright field TEM was performed with Tecnai 12
transmission electron microscope using 120 kV
accelerating voltage.

Tensile properties of the samples were measured
with an Instron 4204 tensile testing machine apply-
ing the standard ISO 6239-1986 for small test spec-
imens. The specimens were die-cut with a bone
shaped die-cut head from the same 2,0 mm thick
polymer plate as the specimens for DMA tests. To
find out the difference on tensile properties
occurred by different preparing methods of the
samples, some parallel tests were also run with
injection moulded specimens. The moulding tem-
peratures were between 70 to 150°C and the injec-
tion moulding pressure was 6 bar. The tensile tester
was equipped with 1 kN load cell and was operated
at crosshead speed of 20 mm-min-!. The tensile
strength, strain and modulus of the polymers were
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measured for three to five parallel specimens that
had been air-conditioned for 72 h at 23°C and 50%
relative humidity.

The first series of recovery tests were run on an
Instron 4204 tensile testing machine using the same
type of small die-cut bone shaped test specimens as
on tensile testing. The crosshead speed was
20 mm-min-! and the samples were strained to
100% elongations. After 10 minutes recovery time
the permanent deformations were measured. Tests
were carried out in duplicate for air-conditioned
specimens. The second series of recovery tests
were run by Perkin-Elmer 7 Series DMA instru-
ment for film samples. The dimensions of the film
shaped samples were 5x17 mm, and they were cut
out from 0,1 mm thick hot-pressed polymer film.
The samples were tested in tensile mode. Constant
stress of 2 MPa (1 MPa for TPE(70/30-1)-b-(100-
5)) was applied for 10 minutes and the %-strain
was observed as function of time. After 10 minutes,
the stress was dramatically dropped to 9 kPa which
was used as zero-stress to enable observing of
strain during the 20 minutes recovery time. The
permanent deformations [%] were calculated from
the ratio of permanent strain after 20 minutes
recovery time to maximum strain of the tested film
samples.

Formation of polyester precursors

o]

HO—(CHz)a—OH  +

o

CL

HO—(CH)a—OH  +

Formation of poly(ester-urethane)

HO CUDLLA}OH + HO——GL}OH

g X '?

Figure 1. Reaction scheme of poly(ester-urethanes)
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3. Results and discussion
3.1. Polymerizations

The preparation of poly(ester-urethane)s consisted
of two steps, as shown in Figure 1. The precursors,
i.e. soft and hard blocks of a poly(ester-urethane)
multiblock copolymer, prepared in the first step dif-
fered from each other both structurally and in
molecular weights. The three types of soft blocks
prepared were amorphous poly(e-caprolactone/D,L-
lactide) copolymers with number average molar
masses around 13 000 g/mol. They differed from
each other in molar ratios of monomers CL/DLLA
by values of 30/70, 50/50 and 70/30. Each of these
three soft blocks were linked separately with two
semi-crystalline poly(e-caprolactone) precursors of
different molecular weight, i.e., with hard blocks of
different size. The number average molecular
weights of the two hard blocks were 22 900 and
11 500 g/mol. In addition, soft block P(70/30-1)
was linked with a small hard block P(100-5) with
size of 2400 g/mol. Copolymer precursor P(30/70-1)
and PCL precursor P(100-0,5) were linked as such
to act as references and enable comparison with
TPEs. The compositions of precursors and TPEs
are presented in Table 1.

The precursors and the PEU elastomers were char-
acterized with SEC and "H-NMR both indicating

o

PN

JY,

— HO CUDLLA}OH

o]

- HO][CL—OH

+ 0=C=N—(CH)s—N=C=0 — >

i
C— O% CL% OQranmanne
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Table 1. Overview of the characterizations of precursors and TPEs
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Sample Theoretical SECP 1TH-NMR
M, M. My

P(CL/DLLA-BD) [g/mol] LA [g/mol] [g/mol] MWD LAa
P(30/70-1) 13 600 70 21700 33400 1.5 71.9
P(50/50-1) 13 000 50 17 200 24 600 1.4 48.8
P(70/30-1) 12 400 30 23 400 37 000 1.6 31.0
P(100-0.5) 22900 - 39 900 59 300 L5 -
P(100-1) 11 500 - 25 000 38 500 1.5 -
P(100-5) 2400 - 4900 5800 1.2 -
TPE(30/70-1)-b-(100-0.5) - 23.3 118 000 304 100 2.6 24.3
TPE(30/70-1)-b-(100-1) - 35.0 64700 188 300 29 35.6
TPE(50/50-1)-b-(100-0.5) - 16.7 84 100 276 800 33 17.1
TPE(50/50-1)-b-(100-1) - 25.0 91 000 212 400 2.3 24.8
TPE(70/30-1)-b-(100-0.5) - 10.0 86 700 200 100 2.3 9.6
TPE(70/30-1)-b-(100-1) - 15.0 113 300 258 800 2.3 15.5
TPE(70/30-1)-b-(100-5) - 25.0 97 200 208 300 2.1 25.8
refP(100-0.5) - - 156 500 375200 2.4 -
refP(30/70-1) - 70 63 900 156 100 2.4 71.1

ap,L-lactide units per 100 monomer units
bDetermined relative to polystyrene standards

that the polymerizations had been successful. The
results are presented in Table 1. Similarly to earlier
studies of our group, the molecular weights of the
precursors determined by SEC were almost twice
the theoretical due to the calibration of the SEC
with polystyrene standards [1]. The CL/DLLA
ratios in copolymers were calculated from the 'H-
NMR spectra by comparing the peaks 2,28 ppm for
CL and 5,14 ppm for DLLA. The compositions of
copolymers were close to theoretical, as seen from

the lactide contents shown in the Table 1. After
linking reaction the PEUs contained 3-8 precursors
as estimated from the number average molecular
weights listed in Table 1.

3.2. Thermal and dynamic mechanical
properties

Thermal and dynamic mechanical properties of
precursors and PEUs were characterized by DSC

Table 2. Thermal and dynamic mechanical properties of precursors and TPEs

Sample DSC DMA
Ty Thm AH DCrys Tg (E') Ty (tand) H(tand)?
P(CL/DLLA-BD) [°C] [°C] [J/g] [%] [°C] [°C]

P(30/70-1) 8 - - -

P(50/50-1) -13 - - -

P(70/30-1) —41 - - -

P(100-0.5) - 57 =72 52

P(100-1) - 56 -79 57

P(100-5) - 47 -91 65

TPE(30/70-1)-b-(100-0.5) - 57 -39 28 13 16 0.31
TPE(30/70-1)-b-(100-1) - 55 -33 24 11 17 0.57
TPE(50/50-1)-b-(100-0.5) -8 58 41 29 -7 -3 0.25
TPE(50/50-1)-b-(100-1) -12 54 =25 18 -10 -3 0.45
TPE(70/30-1)-b-(100-0.5) —48 56 -48 34 -55 -33 0.09
TPE(70/30-1)-b-(100-1) -36 53 -39 28 —44 -23 0.18
TPE(70/30-1)-b-(100-5) -40 32 -4 3 -38 -26 0.47
refP(100-0,5) - 60 -66 47 - - -
refP(30/70-1) 14 - - - 12 21 3.29

aHeight of the tand peak at T,
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and DMA and the results are presented in Table 2.
The DSC results were obtained during the second
heating scan to erase the thermal history of the sam-
ple. In the DSC spectra of copolymer precursors,
no signs of melting behavior were detected, sup-
porting the hypothesis of highly transesterified
semi-random structure of copolymers leading to
amorphous structure. By increasing the DLLA con-
tent [mol%] in the precursor from 30 to 70, the T,
detected increased dramatically from —41 to +8°C.
For the semi-crystalline PCL precursors 7, could
not be detected, but the melting peaks in DSC spec-
tra were clear. The degree of crystallinity of PCL
precursors varied between 52-65%. The crys-
tallinity determination was made by comparing of
melting enthalpies of precursors with melting
enthalpy of 100% crystalline PCL (139,5 J/g) [22].
As assumed, the thermal properties of the precur-
sors were combined in the TPEs. In Figure 2, the
DSC spectra of two precursors P(50/50-1) and
P(100-1) as well as the spectrum of the resulting
poly(ester-urethane) TPE(50/50-1)-b-(100-1) are
plotted one upon the other. In the spectrum of TPE
both T, and melting peaks of the precursors are
obtained, indicating of successful linking. Both T,
and T, of all TPEs were between the corresponding
values of precursors. The degree of crystallinity
values of TPE-PEUs increased from 3 to 34%,
apparently depending on the molecular weight of
the hard precursor in the TPE multiblock copoly-
mer. The degree of crystallinity of TPEs was calcu-
lated in the same way as for PCL homopolymer
precursors by comparing the melting enthalpies of
the samples with 100% crystalline PCL without

m

P(50/50-1) S

TPE(50/50-1)-b-(100-1)

40 60 80

60 —40 -20 0 20 100 120 140 160

Figure 2. DSC spectra of TPE(50/50-1)-b-(100-1) and the
precursors

1010
— TPE(70/30-1)-b-(100-0.5)

— TPE(70/30-1)-b-(100-1)
— TPE(70/30-1)-b-(100-5)

10°

E'[Pa]

108

-65 —45 =25 =5 15 35 55
T[*C]

Figure 3. Storage modulus curves of TPEs

normalization to the PCL, the obtained values still
being unexpected low (—10...-20%).

DMA was used to study the temperature depend-
ence of the moduli of the PEU elastomers. In a
DMA scan, T, was evaluated with two separate val-
ues presented in Table 2. These were the tempera-
ture where the peak occurred in tand curve and the
temperature of the maximum in the loss modulus
curve. The height of the tand peak at Ty was pre-
sented to express the magnitude of the transition.
As expected, both T, values evaluated by DMA
were in good correlation with 7 values by DSC. As
the degree of crystallinity increased, the height of
the tand peak at 7, decreased in linear correlation.
Similar to cross-linked elastomers [1], the rubbery
plateau in the storage modulus curves between Ty
and terminal flow region was clearly detectable
indicating elastic behavior of TPEs. The storage
modulus curves of elastomers TPE(70/30-1)-b-
(100-5), TPE(70/30-1)-b-(100-1) and TPE(70/30-1)-
b-(100-0.5) are plotted in Figure 3 to emphasize the
plateau region. The increasing size of the crys-
talline PCL block in TPEs lengthened the rubbery
plateau towards higher temperatures, as can be seen
in the Figure 3.

3.3. Morphology studies

The contrast for morphological characterization
was examined by TEM. In Figure 4, the TEM
images of elastomers A: TPE(70/30-1)-b-(100-5),
B: TPE(70/30-1)-b-(100-1) and C: TPE(70/30-1)-
b-(100-0.5) were plotted next to each other with a
view to emphasize the role of the size of the hard
block, i.e., degree of crystallinity, in the separation
of amorphous and crystalline phases. These and
similar series of images can be taken from elas-
tomers consisting of same type of amorphous soft
block, differing from each other in the size of the
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Figure 4. TEM images of elastomers A: TPE(70/30-1)-b-(100-5), B: TPE(70/30-1)-b-(100-1) and C: TPE(70/30-1)-b-

(100-0.5)

hard block. The degree of crystallinity increases
from left to right by the values: A: 3%, B: 24% and
C: 34%. In the TEM images, dark color indicates
the amorphous areas while white is the color of
crystalline phase. This results from the tendency of
amorphous materials to permeate RuQOj4 stain more
readily than crystalline ones. In all three images,
some crystallinity or lamellar areas can be detected,
while the images B and C show significantly more
lamellas than image A. Also, in images B and C the
phase separation of amorphous and crystalline
areas was clearly detectable.

3.4. Mechanical properties

The tensile properties of the PEU-TPEs were meas-
ured by Instron 4204 tensile testing machine, and
tensile strength, strain and modulus are presented in
Figure 5. In the multiblock copolymer TPEs, the
tensile properties of both precursors were com-
bined, which is easily observed by comparing the

2500 160
O Strain [%)] O Modulus [MPa] _

2000 o Strenght [MPa] 128
__ 1500 96 -
& o

1000 I —{ H 642

500 | 132
0- 0

refP(100-0.5)
refP(30/70-1)

TPE(70/30-1)-b-(100-5)

TPE(30/70-1)-b-(100-0.5)
TPE(30/70-1)-b-(100-1)
TPE(50/50-1)-b-(100-0.5)
TPE(50/50-1)-b-(100-1)
TPE(70/30-1)-b-(100-0.5)
TPE(70/30-1)-b-(100-1)

Figure 5. Mechanical properties of elastomers

results with results of the reference PEUs denoted
refP(100-0.5) and refP(30/70-1). By increasing the
molecular weight of the hard block in a PEU-TPE,
i.e., increasing the degree of crystallinity, the mod-
ulus and strength increased as well. The copolymer
with composition of 50/50 had slightly lowest
mechanical properties. The elastomers were so
resilient that when the gauge lengths of the dog-
bone specimens were drawn out the specimens only
did not break but also the ends of the specimens
between the grip holders begun to strain. This
caused false strain values by increasing the actual
maximum strain percent. However, this quasi-elon-
gation was detectable in strain-stress diagrams, and
it was possible to be eliminated from the results.
Anyway, the maximum strain percent values of the
elastomers were very high, >2000%. PCL is known
to be highly elastic as proved by the reference PEU
refP(100-0.5) with maximum strain of 1200%.
However, D,L-lactide still increased elongation so
that the PEU-TPEs with the highest lactide contents
of the soft copolymer block had the highest maxi-
mum strain percent values, i.e., from 1600 to
1800%. The fully amorphous reference polymer
refP(30/70-1) without crystalline PCL blocks
strained >2000%.

To examine the role of preparation technique of the
test specimens to the tensile test results, two TPEs
were also tested with extruded specimens. Figure 6
illustrates the difference in results caused most
likely by orientation of linear polymer chains dur-
ing the extrusion. The die-cut samples showed dra-
matically lower modulus and strength values
compared with extruded specimens. This can be
explained by the hardening occurred by orientation
of polymer chains. Some of the die-cut samples
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Figure 6. The role of different preparing techniques of the
samples in mechanical properties of elastomers

were slightly blistered, and the changes in quality
of the specimens might affect results as well.

3.5. Creep recovery properties

The creep recovery properties of the TPEs were
measured with two different test procedures both
using the tensile mode. The first test series were run
by Instron 4204 tensile testing machine with dog-
bone specimens, and second series by DMA
Perkin-Elmer 7 Series instrument for film samples.
In the first test series the specimens were strained to
100% elongation once, relaxed, and after 10 min
relaxation time the permanent deformations were
measured. The stresses needed for 100% straining
varied much depending on the materials. In the sec-
ond test series constant stress was applied for
10 min before relaxation to point out the effect of
orientation of polymer chains. In both tests, the
composition of the amorphous block of the copoly-
mer did not have significant effect on recovery

80

refP(100-0.5)
refP(30/70-1)

TPE(70/30-1)-b-(100-5)

TPE(30/70-1)-b-(100-1)
TPE(50/50-1)-b-(100-1)
TPE(70/30-1)-b-(100-0.5)
TPE(70/30-1)-b-(100-1)

TPE(30/70-1)-b-{(100-0.5)
TPE(50/50-1)-b-(100-0.5)

Figure 7. Permanent deformations of elastomers after
recovery from 100% strain
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properties whereas these properties were mainly
dominated by the size of the hard block of them,
i.e., the degree of crystallinity. The TPEs having a
copolymer with CL/DLLA ratio 50/50 as soft
block, recovered slightly worse than other TPEs, as
could be expected on basis of tensile testing. The
results of the first creep recovery test after 100 per-
cent elongation are presented in Figure 7. The
lower the overall degree of crystallinity is the
smaller is the permanent deformation of the speci-
mens. These results describe the recovery proper-
ties of single, short-term deformation of material
when no orientation of polymer chains obviously
occurs. When orientation apparently is involved in
long-term tests, as in our second test series, the
results were different as shown in Figures 8 and 9.
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Figure 8. Strain after 10 minutes applied stress (2 N, “1 N)
and permanent strain after 20 minutes recovery
time of elastomers. (“*Not measured, sample too
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Figure 9. Permanent deformations after 10 minutes
applied stress (2 N, “1 N) and 20 minutes recov-
ery time of elastomers. (**Not measured, sample
too soft)
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Under the same constant stress, TPEs with lower
overall degree of crystallinity not only strained
more but also the relative permanent deformation
was higher than for elastomers with higher degree
of crystallinity. This supports the assumption that
crystalline phases are required to enhance recovery
properties of TPEs.

4. Conclusions

In this study, poly(ester-urethane) thermoplastic
elastomers (PEU-TPEs) were prepared by simple
two-step melt polymerization technique. On basis
of tensile testing the products were elastic showing
at the same time feasible strength values. The TEM
images of the products revealed morphological fea-
ture of elastomers by the fact that phase separation
of the crystalline and amorphous phases was
clearly observed when the degree of crystallinity
increased. As known, phase separation is required
for good creep resistance. The recovery properties
of the products were promising, and by modifica-
tion of the polymer composition further still better
creep resistance can obviously be achieved. The
distinct rubbery plateau in storage modulus curves
confirmed, too, the elastic behaviour of the TPEs.
However, one important feature to be studied in the
future is the conservation of mechanical properties
during hydrolytic degradation of PEU-TPEs.
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Abstract. The rigid polyurethane foams (RPUFs) have been fabricated from high functional crude 4,4’-di-phenylmethane
diisocyanate (CMDI) and polypropylene glycols (PPGs) for a wide range of surfactant concentration with an environmently
friendly blowing agent (HFC 365mfc). Cream time, gel time, and tack-free time increased with the addition of surfactant.
Foam density decreased rapidly to a minimum at 0.5 pphp (part per hundred polyol) surfactant due to the increased blow-
ing efficiency with surfactant. Surface tension rapidly decreased to an asymptotic value at 2 pphp surfactant. In accordance
with this, cell size decreased and closed cell content increased rapidly to constant values at low surfactant concentrations
(<1 pphp). The decrease of cell size was accompanied by the decrease of thermal conductivity to give a linear relatiohship
between the two implying that the series model of heat transfer is applicable.

Keywords: thermal properties, rigid polyurethane foam (RPUF), cell structure, compression strength, thermal conductivity

1. Introduction

Polyurethanes (PUs) are used as coatings, adhesive,
sealants, elastomers (CASE), and fibers as well as
flexible, semi-rigid and rigid foams [1-3]. Among
them, rigid PU foams (RPUFs) have closed cell
structure with low thermal conductivity, high com-
pression strength, low density, high strength-to-
weight ratio, and low moisture permeability [2—4].
Consequently, RPUFs finds such applications as
insulations of refrigerators, freezers, piping, tanks,
ship building, and LNG cargos [5-8].

The foaming can be done by one shot or two shot
methods. In one shot method, all materials are put
into a mixing cup and mixed homogeneously
before they are poured into a mold. In the two shot
method, isocyanate is added to the mixture at the
second stage. The foaming can be carried out with a
physical blowing agent, chemical blowing agent, or
with a mixture of the two [5]. In physical blowing,
reactions between isocyanate and polyol produce

*Corresponding author, e-mail: bkkim@pnu.edu
© BME-PT and GTE

polyurethane linkages with the emission of heat of
reaction. Then, the blowing agent vaporizes and the
gas trapped in the closed cells of the foam [9]. Typ-
ically, thermal conductivity of the blown gas is
very low. This, with small closed cell structure
gives extremely low thermal conductivity of the
RPUFs. In chemical blowing, water (most widely
used blowing agent) reacts with isocyanate to form
unstable carbamic acid which immediately decom-
poses into an amine and carbon dioxide [2, 10, 11].
Recently, many of the conventional blowing agents
such as monofluorotrichloromethane (R11) and
difluorodichloromethane (R12) have been sug-
gested to contribute to the depletion of the stratos-
pheric ozone layer and the use has been regulated in
many countries. Consequently, the use of environ-
mentally friendly blowing agents has become an
important and urgent issue in the synthesis of
polyurethane foam [12-14]. Water can in part
replace such environmentally hazardous blowing
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agents. However, the excessive use of water causes
a negative pressure gradient due to the rapid diffu-
sion of CO; through the cell wall causing cell
deformation [2, 3, 15, 16].

The kinetics of RPUF formation mainly depends on
the rates of blowing and gelling reactions, which on
the other hand are respectively governed by an
amine and a tin catalyst [4, 6]. On the other hand,
the properties of the foam mainly depend on the
type of polyol such as functionality and hydroxyl
value, and type and amount of surfactant, and
blowing agent. To reinforce the foam, composites
with particle, clays and fiber have been considered
[17-21].

As far as the present authors are concerned, system-
atic investigations of the effects of surfactant on
various properties of RPUF are sparse, perhaps
except those blown with water [7, 22].We synthe-
sized various types of RPUFs from CMDI and
polypropylene glycols (PPGs) with an environmen-
tally friendly physical blowing agent, viz. HFC
365mfc (CF3CH2CF.CH3), with a potential target
application of insulation panel of LNG cargo where
high compression strength as well as thermal insu-
lation is highly desired. The effects of silicon sur-
factant concentration on the performances of the
foams have been extensively analyzed in terms of
reactivity, cell morphology, surface tension, and
mechanical and thermal properties of the foams.

2. Experimental

2.1. Raw materials

Two types of PPG having hydroxyl value (OHV,
mg KOH/g of sample) of 450 and 400 (HR-450P
and KR-403) were provided by Korea Polyol Co
(Korea). The CMDI was provided by Huntsman
(Suprasec-5005), HFC 365mfc by Solvay Chemi-
cals (Belgium), and Polycat-8 as foaming catalyst
by Air Products. Silicon surfactant (B 8404) known
to augment the closed cell content thus providing
improved thermal insulation was provided by
Goldschmidt. PPGs were dehydrated before use at
90°C for 24 h in a vacuum oven. Other chemicals
were used as received.

2.2. Preparation of samples

The rigid foams were synthesized by one shot
method. All raw materials were first put into a mix-

Table 1. Formulation to synthesize the RPUFs

Components Compositions [g]
HR-450P 80
KR-403 20
Polycat-8 1
B 8404 Variable (0, 0.2, 0.5, 1.0, 2.0, 5.0 pphp)
HFC 365mfc 10.1
CMDI 116.9
Index 110

HR-450P; hydroxyl value 450, Initiator; glycerin and sucrose + PO
KR-403; hydroxyl value 400, Initiator; toluene diamine + PO

ing vessel (Utra-Turrox T-50, Ika-Werke) and
mixed for 30 s at 7000 rpm. Then the mixtures were
discharged to an open mold (200x200x200 mm)
and the foam cake was cured for 1 week at room
temperature. The NCO index (isocyanate equiva-
lents/polyol equivalents) was fixed at 1.10. The
basic formulations are given in Table 1.

2.3. Characterizations

Density of the foam was measured according to
ASTM D 1622 with sample size of 30x30x30 mm
(widthxlengthxthickness), and an average of at
least five measurements was taken to report. The
density distribution [%] was calculated according
to 100x(maximum density-minimum density)/aver-
age density.

The closed cell content was determined by an air
pycnometer following ASTM D 2850 with speci-
men dimension 50x50x25 mm. Thermal conduc-
tivity was measured using HC-074 (Laser Comp)
according to ASTM C 518. The cell morphology
was observed under a scanning electron micro-
scope (SEM, HITACHI S3500N). Samples were
cryogenically fractured in liquid nitrogen and gold
sputtered before they were scanned in the free ris-
ing direction. Mechanical properties at room tem-
perature were measured using a Universal Testing
Machine (Ametek, Lloyd). Compression strength
was determined by ASTM D 1621 at a crosshead
speed of 3.0 mm/min with the sample dimension of
30x30%x30 mm [7]. The force required for 10%
deformation based on the original thickness has
been taken as the compression strength of the foam.
The surface tension was measured using Tensiome-
ter K 100 (Kruss) according to ASTM D 1331 based
on bubble pressure.
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Without silicone With silicone
surfactant surfactant
Cream time [s] 57 60~62
Gel time [s] 180 198~206
Tack-free time [s] 220 240~250

3. Results and discussion

3.1. Kinetics of foam formation

Kinetics of the foam formation is followed by the
cream time, gel time and tack-free time [4, 6, 10].
The cream time corresponds to the start of bubble
rise and hence color of the mixture becomes cream-
like from dark brown due to the introduction of
bubbles. Gel time is the starting point of stable net-
work formation by intensive allophanate crosslinks
as well as urethane. At the tack-free time, the outer
surface of the foam loses its stickiness and the foam
can be removed from the mold. Table 2 shows that
cream time, gel time and tack-free time increase
with increasing surfactant concentration, implying
that the surfactant reduces diffusion across the
interfaces. The PPGs are incompatible with CMDI
and the reaction mixtures are heterogeneous. For
this reason surfactants should carry high surface
activity to act as a nucleation supporter and good
emulsifying ability for the raw materials and blow-
ing agents [3].

3.2. Foam density and density distribution

Density is a most important parameter to control
the mechanical and thermal properties [23] of
closed cell foams [2, 3]. With increasing surfactant
concentration, foam density decreases asymptoti-
cally to a small minimum at 0.5 pphp, beyond
which the increase is marginal (Figure 1). Similar
results were obtained by Krupers ef al. [22] who
reported that average foam height increases, i.e.,
density decreases with the addition and increasing
amount of fluorosurfactant. This implies that the
blowing efficiency is increased with the addition of
surfactant by supporting the ability to create nuclei
and augmenting the stability of the foams. It seems
that the surfactant in excess is not interposed at the
interfaces and rather increases the heterogeneity of
the system.

Foam density decreases along the bubble rising
direction i.e., from bottom to top due to the gravity

Density [kg/m?]

Density distribution [%]

0 2 <4 6

& Surfactant concentration [pphp)

Figure 1. Densities (a) and density distributions (b) of the
RPUFs vs. surfactant concentration

effect giving rise to great compression at bottom.
The density distribution along the rise direction
also shows similar surfactant dependence as den-
sity, i.e., the density variation shows a minimum at
0.5 pphp surfactant.

3.3. Surface tension and cell morphology

The exothermic heat of reaction causes the super-
saturation of the reactive mixture resulting in phase
separation into gas, followed by diffusion into the
nuclei which are small air bubbles entrapped during
the mixing of raw materials [24]. Then the nuclei
grow into bubbles and spherical cells by adopting

35

33
31 |
29 ||
27

25 |

Surface tension [mN/m]

23 |«
21 T

19

] 2 4 6
Surfactant concentration [pphp]

Figure 2. Surface tensions of the RPUFs vs. surfactant
concentration
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more gases or by coalescence with neighboring
ones. As the blow ratio increases the spherical bub-
bles are eventually separated by the cell membrane
and become polyhedral.

The surface tension of the polyol for various surfac-
tant concentrations are shown in Figure 2 which
shows that the surface tension decreases rapidly to
an asymptotic value at 2 pphp. The asymptotic
value of surface tension is approximately 2/3 of the
surfactant-free value.

a) 0 pphp

a2t 7,000, s ¥56549¢Pn 0S5

c) 0.5 pphp

ﬁ
£
\

5 (

A

25&[

08236 Tk 494FE, 4pas

e) 2.0 pphp

SEM micrograph shows that the foams consist of
cells of spherical and polyhedral shape (Figure 3).
Cell size (Figure 4) decreases rapidly to an asymp-
totic value of about 140 um with the addition of
surfactant. Cell size as small as 100 pum was also
reported with fluorosurfactant [22]. On the other
hand, the closed cell content (Figure 5) increases
asymptotically with increasing surfactant concen-
tration due to the decrease in surface tension. The
increase of closed cell content is accompanied by

g™} f—
8020 7.9KU ¢« * %90 WONNFNDIS

b) 0.2 pphp

a022 78V . %50 [ @reHDI5

d) 1.0 pphp

f 5.0 pphp

Figure 3. SEM micrographs of the RPUFs vs. surfactant concentration
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Table 3. Porosities of the RPUFs

Surfactant [pphp] 0 0.2 0.5 1 2 5
Porosity [%] 89.6 89.2 90.0 90.3 89.6 89.7
Closed porosity [%] 63.3 82.8 84.3 84.7 84.1 84.6
Open porosity [%] 26.3 6.4 5.7 5.6 5.5 5.1
Porosity was calculated using the resin density of 980 kg/m3
500 1.6
4004 E 14T
T = 1o
=
g 300 & f
[ =
— 1 w -
8 200 . = 0.8
* * @ 06}
100 g
g 04r
Q
o O o2
o 2 4 6
Surfactant concentration [pphp] 05 > 2 6

Figure 4. Cell size of the RPUFs vs. surfactant concentra-
tion
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Surfactant concentration [pphp]

Figure 5. Closed cell contents of the RPUFs vs. surfactant
concentration

the increase of closed porosity while the full poros-
ity is kept almost constant (Table 3). This implies
that closed cell content and porosity as well as the
cell size are closely controlled by the amount of
surfactant being added.

3.4. Compression strength

The compression strength is closely related to the
dimensional stability of closed cell foams. As the
temperature goes up, gas pressure inside the cell
increases, and the pressure difference relative to the
atmospheric pressure becomes great. If the foam is
to be dimensionally stable under these conditions,
the compression strength must be greater than the
pressure rise [2]. The minimum compression
strength of 0.1 MPa is generally recommended for
closed cell foam [6].

0,

Surfactant concentration [pphp]

2.5
= 2t
2
i)
2 1-5/-\
L
& 1
2
2 05}
0 i i i i i
0 1 2 3 B 5 6
b) Surfactant concentration [pphp]

Figure 6. Compression strengths (a) and strength
anisotropies (b) of the RPUFs vs. surfactant con-
centration

The compression strength of our foam is greater
than 0.97 MPa (perpendicular). In contrast to the
density decrease, strength and its anisotropy
(strength ratio of parallel to perpendicular direc-
tion) smoothly increases with increasing concentra-
tion of surfactant with a maximum at 2 pphp (Fig-
ure 6). An earlier work showed simultaneous
decreases of compression strength with increasing
surfactant concentration [7]. It seems that the com-
pression strength is closely related to the closed cell
content and cell size when the density variation is
insignificant

3.5. Thermal conductivity of the foam

Heat conduction through the closed cell foams can
be approximated by a series model which is com-
posed of polymer walls and gas cells in series [25].
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Conductive heat flux (g) through the composite
wall is given by Equation (1):
AT

_ab 1
9= (D

where AT is the temperature drop across the foam
and R is the conduction resistance given by the fol-
lowing Equation (2):

R= Z(XWZ XGIJ Q)
i=1

Here Xw,; and X, are the cell wall thickness and
cell dimension, and n is the number of polymer
walls, respectively. For uniform cells, wall thick-
ness (Xw,;) and cell dimension (Xg,;) are constant to
give Equation (3):

R=n X_W+X_G (3)
kW kG

In the typical closed cell foam, the polymer walls
occupy 3—6 volume% of the foam. In addition, the
conductivity of the polymer is much greater than
that of the blowing gas. So, the first term, viz. poly-
mer wall resistance can be neglected to give Equa-
tion (4):

X
R= G 4
’{kGJ “4)

The above simple analysis shows that the thermal
insulation of closed cell foams increase linearly
with the number of closed cells, i.e., effect of insu-
lation increases as the cell size decreases [26].

The thermal conductivity of our foam rapidly
decreases to an asymptotic value at 1pphp surfac-

320
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Figure 7. Thermal conductivities of the RPUFs vs. surfac-
tant concentration
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Figure 8. Thermal conductivities vs. cell size for the
RPUFs

tant (Figure 7). The decrease is mainly due to the
decreased cell size as analyzed above. To confirm
this, the relationship between the thermal conduc-
tivity and cell size is plotted in Figure 8 which
shows a straight line for a broad range of cell size.
This implies that the series model is applicable
where the wall resistance can be considered for
small cells.

4. Conclusions

The RPUFs have been fabricated from CMDI and
PPGs as a function of surfactant concentration with
an environmently friendly blowing agent (HFC
365mfc). Cream time, gel time, and tack-free time
increased with the addition of surfactant due to the
increased stability of reaction mixture and rising
bubbles.

Foam density and density distribution decreased
rapidly to a minimum at 0.5 pphp surfactant due to
the increased blowing efficiency in the presence of
surfactant. Surface tension of the foam rapidly
decreased to an asymptotic value at 2 pphp surfac-
tant, implying that the reaction mixture is saturated
at this concentration.

In accordance with the decreased surface tension,
cell size decreased and closed cell content increased
rapidly to constant values at low surfactant concen-
trations (<1 pphp)).

The decrease of cell size was accompanied by the
decrease of thermal conductivity, and a linear rela-
tiohship between the two was held for a broad
range of cell size. Simple analysis based on series
model also gave the same result assuming the
resistance of cell wall is negligible except the small
cells.
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Abstract. In the present study polyacrylamide (PAm)-gelatin-hydroxyapatite (HA) composites have been synthesized by
suspension polymerization method. The prepared composites were characterized by Fourier transform spectroscopy (FTIR)
which revealed the presence of functional groups in the composite. The X-ray diffraction (XRD) studies indicated that HA
powder was present in nano size. Thermogravimetric analysis (TGA) revealed that composite is more thermally stable than
the polymer matrix alone. The morphology of composite studied by optical microscopy (OPM) and scanning electron
microscopy (SEM) suggested that pore size was between 3—20 wm. The composites showed adequately good mechanical
properties as evident from the varying compressive strength and modulus in the range 31.57+8.16 MPa and 745+388 MPa,
respectively. The water sorption behavior was found to be dependent on the chemical composition of the matrix and the
sorption data were used to calculate network parameters. The porosity of composite varied between 4 to 30.66%.The in
vitro blood compatibility indicated that the adsorption of bovine serum albumin (BSA) varied from 0.11 to 0.24 mg-g-1, the
percentage haemolysis was between 2.4 to 6.9% and the weight of blood clot formed on the composite surfaces were found
in the range 11 to 52 mg.

Keywords: polymer composites, hydroxyapatite, polyacrylamide, gelatin, blood compatibility

1. Introduction Bone graft materials are quickly becoming a vital
Bone is a natural composite in the body, bone tool in reconstructive orthopedic surgery and
serves a number of functions, such as providing the ~demonstrate considerable variability in their
cells found in the marrow that differentiate into  appearance. Functions of bone graft materials and
blood cells, and also acting as a calcium reservoir.  bone healing provide a structural substrate for these
Nevertheless, its primary purpose is to provide processes, and serve as a vehicle for direct antibi-
mechanical support for soft tissues and serves as an  otic delivery. The three primary types of bone graft
anchor for the muscles that generate motion [1]. materials are allografts, autografts, and synthetic
The incidence of fractures increases rapidly with  bone grafts substitutes [3]. During the last 5 years
age. This is partly due to extraosseous factors such  bone cement materials have grown in popularity
as the impaired reflex of the elderly, their reduced and are very promising osteoconductive substitutes
proprioceptive efficiency, reduced cushioning by for bone graft, they are prepared like acrylic
fat, weakened musculature and by osseous factors cements.

such as the structural changes in the shape and size  Hydroxyapatite (HA), which has molecular stoi-
of the bone and by deterioration of the condition of chiometric formula Cajo(PO4)s(OH)2, has been
the bone material itself [2]. extensively investigated due to its excellent bio-
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compatibility, bioactivity and osteoconductivity as
well as its similarities to the main mineral compo-
nent of bone. However, the poor compressive
strength and fatigue failure limits its applicability
to the low or non load-bearing sites in human body
[4, 5]. Additionally, it has been reported that HA in
the form of powders, used for the treatment of bone
defects, has problem associated with migration to
places other than implanted areas. It is known that
various biocomposites existing in nature, such as
shells and pearls, are all organic/inorganic compos-
ites with good mechanical properties, which may
provide a route to resolve the above problems.
Extensive research has been carried out in this
regard and composite materials based on HA and a
variety of polymers have been worked out [6].
Among them, hydroxyapatite is frequently used in
orthopedic, dental and maxillofacial applications,
meaning that it supports bone growth and osteoin-
tegration [7-9]. The development of bonelike com-
posites with enhanced biocompatibility calls for a
biomimetic approach using natural bone as a guide.
Natural bone is a composite of collagen, a protein-
based hydrogel template, and carbonated apatite
crystals with varying compositions and microstruc-
tures. The unusual combination of a hard inorganic
material and an underlying elastic hydrogel net-
work gives bone, unique mechanical properties,
such as low stiffness, resistance to tensile and com-
pressive forces, and high fracture toughness [10].
Gelatin is a natural biopolymer obtained as a
hydrolysis product of collagen, which is a fibrous
protein, found abundantly in the animal kingdom in
the form of hides, skins, bones and connective tis-
sues. This natural water-soluble biopolymer has to
its credit a large number of applications in pharma-
ceuticals, medicine, food and other allied fields
[11]. However the hydrogels based on Polyacry-
lamide (PAm) have been widely used in drug
release system, membranes for dialysis, oxidation
devices, fixation of chemical enzymes etc. [12, 13].
Authors are interested in a ‘bottom-up’ approach to
the design and synthesis of artificial bone. This
entails the design of simple model system with
well-designed chemical, physical, and biological
properties, followed by an iterative increase in
complexity of the system to realize a higher — order
approximation of natural bone . In the present study
crosslinked PAm-gelatin-HA composites have
been synthesized using sedimentation approach.

Furthermore structural characterization, blood
compatibility tests were also carried out. These
results provide a framework for generating syn-
thetic composites with defined organic/inorganic
interfaces similar to natural bone.

2. Materials and methods

Calcium hydroxide Ca(OH)> was purchased form
E. Merck and used as received. Orto-phosphoric
acid (-H3POu4, 88-93%), was purchased from Qali-
gens Fine Chemicals. Acrylamide (E. Merck, India)
was freed from inhibitor after recrystallizing it
twice from methanol and drying over anhydrous
silica for a week. Gelatin purified was received
from E. Merck, India. MBA (N,N-methylene bis-
Acrylamide) were purchased from central drug
house Mumbai (India). KPS (Potassium persul-
phate), obtained from Loba chemicals India, was
employed as a polymerization initiator.

2.1. Synthesis of HA

HA was synthesized by the slow addition of 0.6 M
H3POy4 to an aqueous suspension of 1.0 M Ca(OH)»
under constant heating at 150°C in N> atmosphere
as per the method reported in literature [14]. In
order to obtain uniform size crystals of HA the pH
of the reaction mixture was strictly controlled i.e.
during addition of solutions the pH was maintained
in the range of 11-12 while after washing off the
powder the pH was below 9.

2.2. Preparation of PAm-gelatin-HA
composites

PAm-gelatin-HA composites were prepared by free
radical polymerization of acrylamide in the imme-
diate presence of a crosslinker (MBA) and HA
taken in pre-calculated amounts. In a typical exper-
iment, 0.5 g of gelatin was dissolved into 15 ml of
distilled water followed by the addition of
28.13 mM of Am, 3.0 g of HAp, 0.129 mM of
MBA and 0.073 mM of KPS as free radical initia-
tor. The whole reaction mixture was homogenized
by manual mixing and poured into rectangular
glass moulds of definite size (25 mm x 25 mm x
10 mm). The mould containing the reaction mix-
ture was kept at 70°C for 4 h, then the upper poly-
mer layer was separated from the lower slab which
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was a white solid composite of PAm, gelatin and
HA. The composite was then purified by immers-
ing it in distilled water so as to allow the composite
to swell till equilibrium. In this way the unreacted
monomer and other reagents were leached out from
the composite thus purifying the prepared PAm-
gelatin-HA composite. The swollen soft composite
was cut into desired shape, dried at 70°C for 24 h
and then kept in air-tight containers.

2.3. Characterization

2.3.1. FTIR-studies

IR studies of the powdered specimens were
recorded on a FTIR-8400S, Shimadzu spectropho-
tometer. Prior to analysis KBr pellets were pre-
pared by mixing 1:10 of sample: KBr (wt/wt)
followed by uniaxial pressing the powders under
vacuum. Spectra were obtained between 4400—
450 cm! at 2 cm~! resolution.

2.3.2. XRD-studies

The XRD apparatus (Philips PW 1820) powder dif-
fractometer, was used to investigate the crys-
tallinity and phase content of PAm-gelatin-HA
composites. The diffraction data were collected
from 2 to 60°, 2°0 values with a step size of 0.02°
and counting time of 2 s-step~! at A i.e. 1.54 A.

2.3.3. TGA

To evaluate thermal stability of the PAm-gelatin-
HA composites, TGA was performed on MET-
TLER TA 3000 instrument in the temperature
range of 50-800°C, in nitrogen atmosphere at a
heating rate of 10°C-min-!. The sample weights
were in the range of 15-20 mg.

2.3.4. Microscopy study

An approximate idea of the morphology of com-
posites was deduced by using Optical microscope,
MIOTIC DIGITAL MICROSCOPE DMWB-series.
In order to study the morphology of the prepared
composites SEM was carried out on STEREO
SCAN, 430, Lecica SEM, USA.

2.3.5. Mechanical testing

Compression tests (dry test) were performed using
an Universal Testing Machine (Instron series 1X)
possessing a load cell of 5 kN, at room temperature.
The gauge length and diameter of all specimens
were 6 mm and 2 mm respectively. Tests were con-
ducted with a constant strain rate of 1 mm-min-!,
and up to failure or until 60% reduction in speci-
men height. The modulus (E) was determined by
linear regression from the slopes in the initial elas-
tic portion of the stress- strain diagram. A mini-
mum number of 10 specimens were tested, and
then E was averaged from the 5 measurements.

2.3.6. Swelling studies

The extent of swelling was determined by a con-
ventional gravimetric procedure as reported in liter-
ature [15]. In a typical experiment, preweighed
pieces of PAm-gelatin-HA composites were
allowed to swell in distilled water for a predeter-
mined time period (up to equilibrium swelling),
thereafter the pieces were taken out from the water
and gently pressed in-between the two filter papers
to remove excess of water and finally weighed
using a sensitive balance. The swelling ratio was
determined by the Equation (1):

Swelling ratio (S, ) =
weight of swollen gel _ (S,,) (1)
weight of dry gel S,

2.3.7. Porosity determination

The apparent porosity of a porous scaffold can
influence its mechanical strength, permeability, and
presence of structural defects [16].The porosity was
determined by the method reported in literature
[17]. In brief, the known volume and weight of the
samples noted as Vy and Wy respectively. After that
samples were immersed into the dehydrated alco-
hol for 48 h till absorbing dehydrated alcohol satu-
rated the samples. The weight gained by the sample
is measured as Wj. Finally the porosity (P) of the
open pores in the composites were evaluated using
formula given in Equation (2):

Wi =W,
Vo

P= 2)
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where p is the density of the dehydrated alcohol.

2.3.8. Blood compatibility

A biomaterial is a substance used in medical
devices for contact with the living body for the
intended method of application and for the intended
time period. To acquire biocompatibility, the mate-
rials used in medical applications must meet certain
regulatory requirements. The surface of biomateri-
als is believed to play an important role in deter-
mining biocompatibility. For materials that come
into contact with blood, the formation of clot is the
most undesirable but frequently occurring event
that restricts the clinical acceptance of a material to
be used as biomaterial. Therefore, certain test pro-
cedures have been developed and they need to be
employed to judge the haemofriendly nature of
materials.

2.3.8.1. Clot formation tests

The anti-thrombogenic potential of the composite
surface was judged by the blood-clot formation
test, as described elsewhere [18]. In brief, the spec-
imens were equilibrated with saline water (0.9% w/v
NaCl) at 37°C for 24 h in a constant temperature
bath. To these swollen samples was added 0.5 ml of
ACD blood followed by the addition of 0.03 ml of
CaCl; solution (4 mol-I-1) to start the thrombus for-
mation. Adding 4.0 ml of deionized water stopped
the reaction and the thrombus formed was sepa-
rated by soaking in water for 10 min at room tem-
perature and then fixed in 36% formaldehyde
solution (2.0 ml) for another 10 min. The fixed clot
was placed in water for 10 min and after drying its
weight was recorded. The same procedure was
repeated for glass surface, blood bags and for the
composites of varying compositions and respective
weights of thrombus formed was recorded.

2.3.8.2. % Haemolysis tests

Haemolysis experiments were performed on the
surfaces of prepared PAm-gelatin-HA composites
as described elsewhere [19]. In a typical experi-
ment, dry composite pieces (4 cm?) were equili-
brated in normal saline water (0.9% w/v NaCl) at
37°C for 24 h and human ACD blood (0.25 ml) was
added into the composites after 20 min 2.0 ml of

saline water was added into the specimens to stop
haemolysis and the samples were incubated for
60 min at 37°C. Positive and negative controls
were obtained by adding 0.25 ml of human ACD
(acid citrate dextrose) blood and 0.9% NaCl respec-
tively to 2.0 ml of doubly distilled water. Incubated
samples were centrifuged for 45 min, the super-
natant was taken and its absorbance at 545 nm was
recorded using a spectrophotometer. The percent-
age of haemolysis was calculated using the follow-
ing relationship, given in Equation (3):

Atest—sample - A(—)control

Haemolysis [%] = 3)

(+)control — A(—)control

where A is absorbance. The absorbance of positive
and negative controls was found to be 1.73 and
0.048, respectively.

2.3.8.3. Protein (BSA) adsorption

Adsorption of BSA onto the composite materials
was performed by the batch contact process
reported elsewhere [20]. For protein adsorption
experiment, protein (BSA) solutions were prepared
in 0.5 M PBS (Phosphate buffer saline) at physio-
logical pH 7.4. A fresh solution of BSA was always
prepared prior to adsorption experiments. The com-
posite of definite weights were equilibrated with
PBS for 24 h. The adsorption was then carried out
by gently shaking a BSA solution of known con-
centration containing preweighed and fully swollen
composites. By taking fully swollen samples, the
possibility of soaking of BSA solution within the
composite becomes minimum. Shaking was per-
formed so gently that no froth was produced, other-
wise BSA would adsorb in air-water interface.
After a definite time period, the samples were
removed and the adsorbed protein was assayed for
the remaining concentration of BSA by recording
the absorbance at of protein solution at 272 nm on a
UV spectrophotometer (Systronics, model no. 2201,
India).

2.3.8.4. Platelet adhesion test

A piece of composite of definite composition was
incubated in platelet rich plasma (PRP) at 37°C for
6 min. The blood was obtained from a healthy
donor and PRP was separated by automated aphaere-
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sis. After incubation, the material was fixed in 2.5%
gluteraldehyde aqueous solution for 10 min and
kept in a 70% ethanol solution in order to avoid
dehumidification and microorganism proliferation.
The amount and morphology of adhered platelets
were analyzed by SEM [21].

3. Results and discussion
3.1. FTIR-studies

The FTIR spectra of native HA sintered at 70°C is
shown in Figure 1a which clearly shows peaks at
602, 962, 1035 cm™!, corresponding to PO~ ion
[22] and a small and sharp band observed at
3572 cm-!, corresponds to the stretching mode of
—OH group, which is characteristic of hydrated cal-
cium phosphate such as HA [23]. A weak peak
observed at 876 cm~! and strong peak at 1450 cm-!
corresponds to the stretching vibration of CO3*
ions. These observations confirm that HA crystals
were prepared, partially substituted by —COz*
groups. Therefore, HA crystals are CO3>~ contain-
ing HA [24]. Also the broad bands at about 3200
and 2800 cm~!, correspond to the absorbed hydrate
and the sharp medium and short peaks between
3570-3670 cm! belong to the stretching vibrations
of lattice OH™ ions of hydroxyapatite [25]. It has
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Figure 1. (a) FTIR spectra of native HA sintered at 70°C
for 24 h; (b) FTIR spectra of PAm-gelatin-HA
composite

been reported that the FTIR spectra of PAm where
peaks at about 3298, 3184 and 1660 cm~! showed
the presence of primary amide (-NH stretching
vibration) group and peaks near about 1595 and
1429 cm~! corresponding to C=0 asymmetric
stretching vibration [26]. Gelatin being a protein,
has been reported to contain the characteristic
amide absorption bands at about 1690 and
1530 cm~! [27]. The FTIR spectra of PAm-gelatin-
HA composite is shown in Figure 1b, which con-
tains all the characteristic absorption peaks of HA,
PAm and gelatin. As there are no considerable
shifts of peaks of any group in the composite spec-
trum, it is confirmed that PAm-gelatin-HA com-
posite is only a mixture and no chemical reaction
has taken place between the individual compo-
nents.

3.2. XRD studies

The XRD pattern of the synthesized native HA is
shown in Figure 2a which exhibits sharp apatite

60 —
50-
40—_
30-

20 —

10 20 30 40 50 60
b)

Figure 2. (a) XRD pattern of native HA sintered at 70°C
for 24 h; (b) XRD pattern of native PAm-gela-
tin-HA composite with given composition,
[AM] = 28.13 mM, [gelatin] = 0.5 g, [HAp] =
3.0 g, [MBA] =0.129 mM
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peaks due to crystal growth alternatively calcium
carbonate peak at 20 value of about 29° present
together with apatite phase. However , the B-trical-
cium phosphate (B-CazP207) phase was not
detected at any temperature. Also, the CaO peaks at
37.469 and 54.029° were not detected. The accom-
panying two peaks at about 32.22 and 32.23° of
equal intensities were also detected which clearly
confirm the presence of well crystallized HA phase
[28]. The mean grain size was calculated using
Debye-Scherrer formula [29, 30] as shown in Equa-
tion (4):

_ kA
BcosO

“)

where d is mean grain size, k is the shape factor
(0.9), B is broadening of the diffraction angle and A
is diffraction wavelength (1.54 A).The estimated
average grain size of HA was found to be 6.53 nm
and the width was found to be 1.278 nm. Figure 2b
shows the XRD spectra of PAm-gelatin-HA com-
posite with slight broadening of the apatite peaks
showing the decrease in crystallinity of HA
because of incorporation of polymer. The spectrum
also shows a XRD peak at about 31.99° (20) indi-
cating well crystalline nature of hydroxyapatite
even in composite state.

3.3. TGA analysis

In order to evaluate thermal stability and under-
stand the phase transformation in the prepared sam-
ples, the TGA studies were performed in the range
50 to 800°C and the results are shown in Figure 3.
It is clear from the thermogram of native HA (Fig-
ure 3a) that the weight of the sample decreases
quickly with increasing temperature and about total
66% weight loss is observed. The obtained weight
loss is possibly due to evaporation of water. The
obtained TGA results were further confirmed by a
simple experiment that involved heating the com-
posite of known initial weight in an oven in the
temperature range 50 to 800°C. After heating was
over the weight of composite was recorded and a
weight loss of about 66% was noticed. It is revealed
by the data that the weight loss that occurred at
about 580 and 620°C could be attributed to the
decomposition of trace CO3% ions [31]. The
exothermic dissociation of CO3>™ is reported to
occur at the temperature range between 500 to
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Figure 3. (a) TGA curve of native HA; (b) TGA curve of
PAm-gelatin-HA composite with given compo-
sition [Am] = 28.13, [gelatin] = 0.5 g mM,
[HAp] =3.0 g, [MBA] =0.129 mM; (c) TGA
curve of natural compact bone

890°C in nitrogen atmosphere. Figure 3b corre-
sponds to the thermogram of PAm-gelatin-HA
composite where initial weight loss from 50 to
200°C may be due to the evaporation of surface
adsorbed water molecules and the quick weight
loss from about 300 to 600°C may be due to the
endothermic dissociation of CO3>~ ions [32]. Fur-
thermore, the TGA of natural compact bone shown
in Figure 3¢, may also be compared with that of
prepared composite and a fair resemblance may be
noticed.

3.4. Microscopy study

In order to study the morphology of the prepared
composites and adhesion of platelets OPM study
has been performed as shown in Figure 4a and 4b,
respectively. The comparison of both the images
indicates a change in surface of the composite
material after the addition of platelets.

Since the morphology of a biomaterial contributes
significantly to its biocompatibility and considering
this important aspect, the morphology of the sur-
face has been examined by recording SEM of the
PAm-gelatin-HA composite. The SEM images of
the composites are shown in Figure 5, which
clearly shows that the composite surface is highly
porous in nature. The size of the pores varies in the
range 3 to 20 um as indicated by arrows in the same
figure.
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b)

Figure 4. Optical micrographs of PAm-gelatin-HA com-
posite. (a) composite without platelet; (b) com-
posite with platelet (indicated with arrows)

Figure 5. SEM micrographs of PAm-gelatin-HA compos-
ite, pores have been indicated with arrows
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3.5. Mechanical testing

To examine the mechanical properties of the PAm-
gelatin-HA composites (having composition
[Am] = 28.13, [gelatin] =0.5 gmM, [HAp]=
4.0 g, [MBA] =0.129 mM) compression tests of
the specimens were conducted, in dry condition.
The modulus (E) was found to be 745 + 388 MPa
for the control set of composites and compressive
strength was found to be 31.57 + 8.16 MPa. The
enhanced modulus provides increased fracture
toughness to the samples. These results show that
PAm-gelatin-HA composites possess quite good
mechanical properties for being used in tissue engi-
neering (TE). The values show good agreement
with those obtained for normal human articular car-
tilage, which has been reported to have a compres-
sive strength ranging from 1.9 to 14.4 MPa [33,
34]. The compressive strength and Young’s modu-
lus of trabecular bone were reported ranging
between 2-10 MPa and 50-100 MPa, respectively
[35, 36].

3.6. Swelling behavior of composite

One of the prime factors to contribute to biocom-
patible nature of synthetic biomaterials is the
amount of water content which imparts several
unique physiochemical properties to the material. A
polymer matrix imbibing an adequate of water,
shows living tissue like membrane, physiological
stability, low interfacial tension, permeability to
biomolecules etc. Thus realizing the unusual signif-
icance of water sorption capacity of a material, the
PAm-gelatin-HAp composites have been investi-
gated for water sorption capacity and the influence
of chemical composition of the composites on their
water intake has been investigated as discussed
below.

3.6.1. Effect of Am

The influence of Am content of the composite on
its swelling behavior has been studied by varying
its concentration in the range 14.06 to 56.27 mM.
The observed results are shown in Figure 6a which
clearly indicate that the swelling ratio constantly
increases with increasing amount of PAm.The
observed results are quite expected as PAm is a
highly hydrated polymer and its increasing content
in the composite makes it more hydrophilic in
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Figure 6. (a) Variation of swelling ratio with varying amounts of Am i.e. 14.06 to 56.27 mM; (b) variation of swelling
ratio with varying amounts of gelatin i.e. 0.5 to 2.0 g; (c) variation of swelling ratio with varying amounts of
HA i.e. 1.0 to 4.0 g; (d) variation of swelling ratio with varying amounts of MBA i.e. 0.064 to 0.259 mM

nature which eventually results in an enhanced
swelling.

3.6.2. Effect of gelatin

The effect of gelatin on the swelling ratio of the
hydrogel was investigated by varying the concen-
tration of gelatin in the range 0.5 to 2.0 g in the feed
mixture of the composite. The results are shown in
Figure 6b which clearly reveal that the swelling
ratio constantly increases with increasing concen-
tration of gelatin up to 2.0 g. It is to be mentioned
here that beyond this concentration the feeding
mixture becomes too viscous to form the compos-
ite. The observed results may be explained by the
fact that, since gelatin itself has a natural tendency
to form reversible gel, its increasing pressure in
PAm-gelatin-HAp mixture lowers the weight frac-
tions of HA and PAm in the feed mixture. In this
way a lower degree of crystallinity results in an

enhanced swelling. Gelatin is a hydrophilic poly-
mer and its increasing concentration in the feed
mixture increases water sorption capacity of com-
posite.

3.6.3. Effect of hydroxyapatite

Impregnation of hydroxyapatite into the polymer
matrix brings about a significant change in water
sorption behavior and mechanical properties of the
matrix. In order to obtain the effect of HA on the
swelling ratio of the composite, the concentration
of the HA was varied in the range 1.0 to 4.0 g in the
feed mixture. The results are shown in Figure 6c,
which clearly reveal that the swelling ratio con-
stantly decreases with increasing HA content in the
composite. The results are quite expected and may
be explained by the fact that due to relatively lower
hydrophilicity of the apatite in comparison to PAm-
gelatin matrix, its increasing fraction in the com-
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posite results in a lower water sorption by the com-
posite. Alternatively, the increasing polymer-HA
interaction with increasing concentration of HA
results in a slower relaxation of polymer chains,
which also decreases the swelling ratio.

3.6.4. Effect of crosslinker

One of the effective ways to modify the water sorp-
tion behavior of a polymer matrix is to employ
varying amounts of crosslinking agent at the time
of polymerization reaction. The addition of a
crosslinker not only enhances the degree of
crosslinking but also increases the glass transition
temperature (7,) of the polymer. In the present
study the effect of crosslinker content of the com-
posite on its swelling ratio has been studied by
varying its concentration in the range of 0.064 to
0.259 mM. The results are shown in Figure 6d
reveal the fact that with the increasing content of
MBA in the feeding mixture the crosslink density
of the network increases [37] which results in
higher crosslink density of the network. This obvi-
ously slows down the diffusion of water molecules
into the composite and eventually results in a fall in
water intake [38].

3.7. Network parameters

One of the most important structural parameters
characterizing a crosslinked density is the average
molecular mass between crosslinks (M.), which is
directly related to the crosslink density. The magni-
tude of M. significantly affects the physical and
mechanical properties of crosslinked polymers, and
its determination has great practical significance.
Eqilibrium swelling is widely used to determine

M.. Early research by Flory and Rehner laid the
foundation for the analysis of equilibrium swelling.
According to the theory of Flory and Rehner, for a
perfect network (Equation (5)):

14

Y3 _
N
M, =-vd, 2 (5)
1H(1—VS)+VS +XVS

where in Equation (5) M. is the number average
molar mass of the chain between crosslinks, v; is
the molar volume [ml-mol-!], d, is the polymer
density [g-ml-'], Vi is the volume fraction of poly-
mer in the swollen gel and % is the Flory and Hug-
gins interaction parameter between solvent and
polymer. The swelling ratio is equal to 1/V;. Here
the crosslink density q is defined as the mole frac-
tion of crosslinked units, as shown by Equation (6):

_ M,
M

c

q (6)
where My is the molar mass of the repeating unit.
Some authors defined a crosslink density, V., as the
number of elastically effective chains totally
included in a perfect network per unit volume, sim-
ply related to q since, as given by Equation (7),

N

V,=d, VA @)
where N4 is Avogadro’s number. The density of
polymer d, was determined to be 0.65 g-cm=3.
Other parameters such as vi and )y were taken from
the literature . Using Equations (5)—(7) the values
of M., g, and V. have been calculated for the vary-
ing compositions of PAm-gelatin-HA composites
[39]. The values are summarized in Table 1.

Table 1. Data showing the structural parameters of PAm-gelatin-HA composites of varying compositions

MBA (crosslinker) Am Gelatin HAp Swelling o2 020
[mM] (mM] [g] Ig] ratio e a10 velo
0.064 28.13 0.5 3.0 243 189.40 37.52 2.38
0.129 28.13 0.5 3.0 2.13 83.90 84.71 5.38
0.259 28.13 0.5 3.0 1.86 55.14 128.00 8.17
0.129 14.06 0.5 3.0 2.08 730.00 9.73 6.17
0.129 28.13 0.5 3.0 2.13 83.90 84.71 5.38
0.129 56.27 0.5 3.0 2.45 200.00 35.54 2.25
0.129 28.13 0.5 3.0 2.13 83.90 84.71 5.38
0.129 28.13 1.0 3.0 2.21 123.00 57.78 3.66
0.129 28.13 2.0 3.0 2.70 47.05 151.07 9.58
0.129 28.13 0.5 1.0 3.00 394.40 20.34 1.29
0.129 28.13 0.5 2.0 222 142.00 50.05 3.17
0.129 28.13 0.5 4.0 1.67 51.77 137.29 8.71
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3.8. Percent porosity

Porosity characterization is based on the presence
of open pores, which are related to properties such
as permeability, and surface area of the porous
structure. The measured porosity of the PAm-gela-
tin-HA composites is given in Table 2, which
reveals the fact that as the amount of crosslinker is
increased in feed mixture porosity becomes low,
the results are quite obvious since increased num-
ber of crosslinks make polymer network more com-
pact which results in the lower mesh size and
decreased porosity. It was found that the addition of
HA results in more dense and thicker pore walls
with lower porosity [40] as shown in Table 2. How-
ever the decrease in porosity observed as the
amount of polymer like PAm is increased in feed
mixture is mainly due to the increase in the
HAP/polymer ratio in the dispersed phase which in
turns improves the sintering and porosity reduction
[41]. As we increase the amount of gelatin in feed

mixture porosity increases, this may be explained
on the basis of the fact that gelatin is a hydrophilic
polymer and during the formation of matrix it lets
the polymer network to swell in greater amount,
which in turns results in greater pore size within the
network and after the drying of the matrix, it yields
greater porosity.

3.9. Blood compatibility

Blood compatibility of a material is intimately
related to various intrinsic factors such as organiza-
tion of water molecules in the polymer matrix,
chemical architecture and topology of the surface
etc. In the present study also various in vitro tests
were applied to observe the blood compatibility of
the prepared PAm-gelatin-HA composite. The
results are shown in Table 3, which may be dis-
cussed as below:

Table 2. Data showing the percent porosity of PAm-gelatin-HA composites of different compositions

S. No (MBA) [mM] Am [mM] HAp [g] Gelatin [g] % Porosity
1. 0.064 28.13 3.0 0.5 13.00
2. 0.129 28.13 3.0 0.5 11.29
3. 0.259 28.13 3.0 0.5 4.00
4. 0.129 14.06 3.0 0.5 30.66
5. 0.129 28.13 3.0 0.5 11.29
6. 0.129 56.27 3.0 0.5 4.03
7. 0.129 28.13 1.0 0.5 11.29
8. 0.129 28.13 3.0 0.5 11.29
9. 0.129 28.13 4.0 0.5 5.60
10. 0.129 28.13 1.0 0.5 11.29
11. 0.129 28.13 3.0 1.0 15.18
12. 0.129 28.13 4.0 2.0 18.56
Table 3. Blood compatibility parameters of PAm-gelatin-HA composites of different compositions
(MBA) Am Hap Gelatin Swelling BSA. Percentage Blood c.lot
[mM] [mM] le] le] ratio adsorption haemolysis formation
[mg-g1] [mg]
0.064 28.13 3.0 0.5 243 0.021 24 11.0
0.129 28.13 3.0 0.5 2.13 0.020 34 32.0
0.259 28.13 3.0 0.5 1.86 0.023 6.9 52.0
0.129 14.06 3.0 0.5 2.08 0.022 4.5 49.0
0.129 28.13 3.0 0.5 2.13 0.020 34 32.0
0.129 56.27 3.0 0.5 2.45 0.018 2.0 21.0
0.129 28.13 1.0 0.5 3.00 0.018 2.9 25.0
0.129 28.13 3.0 0.5 2.13 0.020 34 32.0
0.129 28.13 4.0 0.5 1.67 0.024 3.7 43.0
0.129 28.13 1.0 0.5 2.13 0.020 4.2 32.0
0.129 28.13 3.0 1.0 2.21 0.015 5.0 29.0
0.129 28.13 4.0 2.0 2.70 0.011 34 23.0
Glass —surface - 44.0
Polyethylene bag 30.4 35.0
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When the concentration of crosslinker is raised in
the range 0.064 to 0.259 mM, the amount of blood
clot formed increases with increasing MBA content
in the composite. The results summarized in Table 3
also reveal that both the percent haemolysis and
protein adsorption also increase with increasing
MBA content. The results obtained are consistent
with each other and suggest that the composite
shows decreasing blood compatibility with increas-
ing number of crosslinks. The results may be
explained by the fact that since MBA is a hydropho-
bic crosslinker, its increasing content results in
greater protein-surface interaction and, therefore,
shows more clot formation and percent haemolysis.
The results reveal the fact that the weight of blood
clot constantly decreases with increasing amount of
PAm and gelatin in the feed mixture. The results
may be explained on the basis of the fact that both
PAm and gelatin are hydrophilic polymers and
therefore, are not expected to provoke any damage
to blood cells or any change in the structure of the
plasma proteins. It has also been realized that with
increasing concentrations of PAm and gelatin, the
composite acquires more smoothness of their sur-
faces and this consequently results in an improve-
ment in antithrombogenic property of material.
The prepared composites were tested for haemolytic
activity and the results obtained are quite satisfac-
tory. Percent haemolysis is maximum (100%) for a
distilled water—water-added blood sample (positive
control). The results obtained clearly indicate that,
with increasing PAm and gelatin content, the extent
of haemolysis steadily decreases. The observed
results may be attributed to the reason that, with the
increase in PAm and gelatin weight fractions in the
composite, the surface composition favorably
changes, which improves the blood — compatible
quality of the material.

One of the essential components of the composite
is HA and its concentration in the composite is
expected to influence blood compatibility of the
matrix. In order to examine this the concentration
of HA powder was varied in the range 1.0 to 4.0 g
and blood compatibility parameters were evalu-
ated. The data summarized in Table 3 reveal that
with increasing HA content, the blood compatibil-
ity of the composite shows a decrease, i.e. all the
three parameters increase. The reason for the
observed more thrombogenicity is that the ionic
groups of HAp may react with the blood compo-
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nents and produce greater blood-surface interac-
tions. This is likely to cause thrombogenic behavior
of the composite.

The above discussion clearly suggests that a less
crosslinked composite with more PAm-gelatin and
low HAp content may prove to be more biocompat-
ible.

4. Conclusions

Nanosized hydroxyapatite powder is obtained by
the hydrothermal method and the free radical poly-
merization of acrylamide in presence of HA and
gelatin forms a nanocomposite material. The HA-
composites when examined by FTIR spectroscopy
clearly show the presence of HA and polymer com-
ponents in the composite. The XRD studies also
confirm the nanosized mean grain size of the HA
powder in native state as well as in composites.
Thermal properties of the material assigned by
TGA analysis, meet the thermal requirements of
these types of materials. The optical microscopy
and SEM studies reveal the morphological
anisotropy of the material.

Swelling studies show the effect of composition on
the swelling. It is found that as the PAm and gelatin
contents increases, the swelling ratio also increases.
The extent of swelling decreases with increasing
amounts of HA and crosslinker.

The PAm-gelatin-HA composite also display a fair
level of blood compatibility as confirmed by in
vitro experiments of blood clot formation, protein
adsorption and haemolysis. It is clear by the data, as
we increase the amount of crosslinker in the feed
mixture in the range 0.064—0.259 mM, the amount
of clot formation increases. Similar type of results
are observed when the amount of HA increases in
the feed mixture of the composite. In case of poly-
mers as the amounts of PAm and gelatin increase in
composite mixture degree of blood clot formation
decreases due to the increased swelling of compos-
ite. Percentage haemolysis tests for haemolytic
activity of composites indicate that as the content
of crosslinker and HA increases in feed mixture
percent of haemolysis also increases. The observed
results are consistent with blood clot formation test
results and conclude that a material surface show-
ing reluctance to BSA adsorption proves to be more
biocompatible. BSA absorption results also show
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the similar type of trends as those of percentage
haemolysis and clot formation results.
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Abstract. Asymmetric and semi-symmetric amphiphilic diblock copolymers polystyrene-block-poly (dimethylaminoethyl
methacrylate) (PS-b-PDMAEMA) with the same PS block length of 62 repeat units and quite short (3 repeat units) or
equivalent (47 repeat units) length of PDMAEMA have been prepared simply by varying the ratio of the bromine-termi-
nated macroinitiator polystyrene (PS-Br) to DMAEMA using atom transfer radical polymerization (ATRP). The chemical
structures and compositions of the PS-b>-PDMAEMA block copolymers are studied by nuclear magnetic resonance (NMR)
spectroscopy, gel permeation chromatography (GPC), and elementary analysis (EA). The self-assembly behaviors of
copolymers in N,N-dimethyl formamide (DMF) with different pH and dioxane/water binary solvent mixture by direct dis-
solution method (DD), are studied by transmission electron microscopy (TEM), electron diffracting analysis (EDA), and
energy-dispersive analysis of X-rays (EDAX) techniques. Transmission electron microscopy results suggest that asymmet-
ric block copolymer PSe2-b-PDMAEMAj; (the numbers in the form of footnotes represent repeated units of each monomer
in the copolymer) can form spherical core-shell micelles, large compound reverse micelles (LCRMs), hexagonal/rhombic
phases, reverse hexagonal/rhombic phases, vesicles, reverse vesicles and necklace-like reverse micelles, controlled by com-
mon or selective solvent and pH, while most of the aggregates of semi-symmetric PS¢2-b-PDMAEMA 47 are simply spher-
ical, such as spherical core-shell micelles and reverse spherical core-shell micelles, besides hexagonal/rhombic phases. All
above structures are controlled by three components of the free energy of aggregation: core-chain stretching, interfacial
energy and intercoronal chain interaction.

Keywords: smart polymers, amphiphilic block copolymer, self-assembly, polymer synthesis

1. Introduction tions such as stabilizers, emulsifiers, or dispersants

Unlike the completely hydrophobic or hydrophilic
block copolymers, amphiphilic block copolymer,
especially containing pH and temperature-respon-
sive polycationic poly (dimethylaminoethyl
methacrylate) (PDMAEMA) as the hydrophilic
segment, namely, polymeric surfactants, can pro-
vide many significant benefits to diverse applica-

“Corresponding author, e-mail: ybtan@sdu.edu.cn
© BME-PT and GTE

in industrial and pharmaceutical preparations
[1-6]. They are also useful in colloid chemistry and
self-assembly chemistry [7-9].

Amphiphilic block copolymers polystyrene-block-
poly (dimethylaminoethyl methacrylate) (PS-b-
PDMAEMA) have been synthesized via living
anionic polymerization [10, 11]. Anionic polymer-
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ization is an excellent and well-established method
for controlling copolymer architecture and obtain-
ing narrow molecular weight distributions. How-
ever, this method has drawbacks such as the
necessary purity of the solvent and of the monomer,
performance under high-vacuum and quite low
reaction temperature. The recent development of
living/controlled radical polymerizations such as
Atom Transfer Radical Polymerization (ATRP)
[12, 13], Reversible Addition Fragmentation chain
Transfer polymerization (RAFT) [14] and Stable
Free Radical Polymerization (SFRP) [4, 15], has
opened a new route to synthesize functional and
architectural block copolymers PS-b-PDMAEMA
with well-defined structures. This paper reports the
synthesis of two types of amphiphilic AB diblock
copolymers of different lengths of PDMAEMA
segment with narrow polydispersities by ATRP
using well-defined bromine-terminated polystyrene
(PS-Br) as macroinitiator, simply by varying the
ratio of the macroinitiator to DMAEMA: one is
asymmetric (95 mol% of PS) diblock copolymer
PSe2-b-PDMAEMA3 (the numbers in the form of
footnotes represent repeated units of each monomer
in the copolymer) (Block 1), and the other is semi-
symmetric (57 mol% of PS) PSe-b-PDMAEMA4;
(Block 2).

Amphiphilic block copolymer can not only be pre-
pared by versatile synthetic approaches but also has
multiple morphologies generated by its different
chemical interactions between two blocks or envi-
ronment. A vast array of structures by asymmetric
amphiphilic block copolymers in solution has been
identified and a detailed investigation of the ther-
modynamic and kinetic parameters that induce
morphologies has been begun by Eisenberg’s group
[16-39]. Two methods for aggregate preparation,
the water addition method (WA) and the direct dis-
solution method (DD), have been exploited for the
mixed solvent system, which have important influ-
ences on aggregation morphology and size. For
WA, the polymer is in a molecularly disperse solu-
tion of good solvent for both blocks initially, and
the aggregation is induced by precipitant addition
for one block at a low concentration. At high pre-
cipitant concentration, chain exchange is very slow,
and thus, despite the same final binary solvent mix-
ture composition, the thermodynamic aggregation
is appreciably controlled at low precipitant concen-
tration. For DD, polymer is added as solid to a

binary solvent mixture, and swelling followed by
fission can lead to more complex morphologies that
may better reflect thermodynamic equilibrium [40].
Spherical micelles assembled in aqueous solutions
formed by amphiphilic PSi31-b-PDMAEMA36
asymmetric diblock [41] and PS19-b-PDMAEMA ;-
b-PSjo triblock copolymers [42] by WA method
have been studied by TEM. However, few works
involve the self-assembly aggregations of PS-b-
PDMAEMA controlled by polymer chain length
and environment. In this paper, the correlation of
several novel morphologies of linear diblock
copolymers PS-b-PDMAEMA with different
PDMAEMA block lengths in a binary solvent mix-
ture (dioxane/water) using DD method and in pure
organic solvents (DMF) with different pH are
addressed. Multiple polymeric aggregation confor-
mations are obtained by asymmetric PSe2-b-
PDMAEMA3 compared with semi-symmetric
PSe2-b-PDMAEMA 47 and their changing tenden-
cies are discussed in detail.

2. Experimental section
2.1. Materials

Styrene (S, Aldrich) and dimethylaminoethyl
methacrylate (DMAEMA, AR) were purified by
reduced pressure distillation to remove inhibitor.
The monomers were stored at —5°C for later use.
Benzyl bromide (AR) was normally distilled and
stored under an argon atmosphere at —5°C. CuBr
and 2,2'-bipyridyl were used as received without
further purification.

2.2. Synthesis of Macroinitiator

In a typical polymerization experiment, 0.20 ml
(0.0017 mol) benzyl bromide, 0.265 g (0.0017 mol)
2,2'-bipyridyl and 0.244 g (0.0017 mol) CuBr were
placed in a dried 100 ml three-necked flask which
was flushed with nitrogen. Pre-degassed styrene
(22 ml, 0.1923 mol) was added to the flask
immersed in an oil bath at 90°C, and then the solu-
tion was magnetically stirred for 5 h under a nitro-
gen atmosphere. Over this period the originally red
translucent polymeric solution turned dark and
opaque. After the polymerization was completed,
the polymer was diluted by 20 ml THF, and then
precipitated in excess methanol after passing
through an alumina column. The white powder was
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purified by re-dissolution in THF and reprecipita-
tion in methanol, and then dried at 60°C under vac-
uum.

2.3. Synthesis of block copolymerization

Two shares of mixtures containing 1.161 g PS-Br
macroinitiator, 0.019 g (0.133 mmol) CuBr, and
0.021 g (0.133 mmol) 2,2’-bipyridyl, 27 ml DMF
were respectively introduced into two 50 ml glass
vials under nitrogen atmosphere. The ampoules
were immersed in an oil bath at 90°C and the
ATRPs were started by adding 0.432 ml
(2.556 mmol) and 4.321 ml (25.562 mmol)
DMAEMA respectively. The reactions were left for
24 h with continuous stirring. After the polymeriza-
tions were completed, the former block copolymer 1
(Block 1) was precipitated in methanol while the
later (Block 2) in ion-free water after passing
through an alumina column, and dried at 60°C
under vacuum.

2.4. Sample preparation

The samples were prepared by dissolved in pure
DMF and dioxane/water (v/v: 94/6) binary solvent
mixture using DD method with the same polymer
concentration (1 wt%). The pH of copolymer solu-
tions in DMF was regulated by addition amount of
p-toluene sulphonic acid.

2.5. Characterization

Nuclear Magnetic Resonance Spectra (NMR). The
'H NMR spectra were registered by using an
AVANCE-400MHz (Bruker) spectrophotometer.
CDCl3 sample solutions (5—-10 wt%) were analyzed
in tubs of 5 mm, using TMS as internal standard.

Gel Permeation Chromatography (GPC). The
analyses were carried out by using a Waters 515
chromatograph equipped with 2 columns Waters
Styragel HT 3 and Waters Styragel HT 4, and a dif-

ferential refractive index detector (Waters 2410).
The temperature was maintained at 35°C in a
Waters column oven. A mixed solvent of Et3N/
THF (v/v: 1/99) (HPLC grade) was used as eluent
at 1 ml/min flow rate, and the samples were pre-
pared at concentration of about 5-10 mg/ml in
EtsN/THF. A standard curve was built up by using
monodisperse polystyrene samples of molecular
weight  comprised  between 1360
2 320 000 g/mol using Et:N/THF as solvent.
Elementary Analysis (EA) Analysis of C, H, and N
elements was done using a Vario EL III (ELE-
MENTAR) element analyzer manufactured by ele-
mentary analysis system, Germany.

Transmission Electron Microscopy (TEM). The
inner structures of the aggregations are observed by
Hitachi-800 transmission electron microscope
(Hitachi Co., Tokyo, Japan) operating at 150 kV
equipped with Philips PV9900 energy-dispersive
analysis of X-rays (EDAX) apparatus and D/max-
rB electron diffracting (ED) apparatus. A drop of
solution is dispersed onto a solidified epoxy-coated
electron microscope grid, stained with 1 wt%
potassium phosphotungstate aqueous solution as
the negative staining agent, and then quenched with
liquid nitrogen.

and

3. Results and discussion

3.1. Synthesis and characterization

ATREP is an excellent and well-established method
for obtaining block copolymers using simple exper-
imental protocols and a large variety of the avail-
able monomers, especially for preparation of
amphiphilic block copolymers with well-defined
architecture and narrow molecular weight distribu-
tion [43-50]. This example demonstrates, in the
best way, the features that must be considered for a
successful employment of ATRP in block copoly-
mer synthesis. The facile process of polymerization
of the amphiphilic block copolymer is depicted in
Figure 1.

H H, H Ha H H, ¢
— Br—c@ H,C—+C=C+-Br H,C —C=C4=b—+C=CHxBr
DMAEMA c=0
—_— - —_— 1
CuBr / bpy CuBr/bpy gH
2
|
GHy
.!N\
HC' CH,

Figure 1. Synthesis of PS-b-PDMAEMA copolymer
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Figure 2. 'TH NMR spectra of the macroinitiator and the block copolymer sample in different forms: (a) Macroinitiator

PS-Br; (b) Block 1; (c) Block 2

Figure 2 shows typical 'H NMR spectra of
bromine-terminated polystyrene as macroinitiator
and the block copolymer. Two scales of diblock
copolymers, with the same PS block but with dif-
ferent degrees of polymerization of DMAEMA
were synthesized. Signals assigned to PS moiety (at
0=1.4-1.8 ppm and & =6.4-7.1 ppm) and the
PDMAEMA moiety (at 8=0.8-1.1 ppm, 0=
2.2-2.6 ppm, and & = 4.1-4.2 ppm) are clearly visi-
ble.

Single, and symmetrical molecular weight distribu-
tion peaks were obtained for all samples (Figure 3).
The molecular weight of copolymers mainly
depended on the molar ratio of DMAEMA
monomer to macroinitiator of PS-Br. The M,./M,
values of the polymers measured by gel permeation
chromatography (GPC) were 1.20-1.26. The clear
shift of the GPC traces toward the higher molecular
weights indicated that the macromolecular chains
were extended with the second monomer
(DMAEMA) in a well-controlled way to form a
block copolymer PS-b-PDMAEMA. For the sake
of clearness, we took the GPC trace of Block 2 for
example, which had the longest interval between
PS-Br and block copolymer peaks. The GPC trace
of Block 2 with longer PDMAEMA segment was a

U
19
Retention time [min]

15

Figure 3. GPC traces of samples obtained in the synthesis
of PS-b-PDMAEMA (their structures and the
final characteristics shown in Table 1) using
PS-Br as macroinitiator via ATRP process

monodisperse and narrow distributed single peak
without shoulder peak, which was evidence that all
PS macromolecules were bromine-terminated and
had taken part in the polymerization reactions as
macroinitiator, that was no PS homopolymer was
present in block copolymers. The presence of
PDMAEMA in PS-b-PDMAEMA was also impos-
sible while the precipitants (methanol for Block 1
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Table 1. Molecular characteristic of the macroinitiator and the copolymers PS-b-PDMAEMA determined by GPC,

'H NMR and EA analyses

Sample Mpm? | Conversion M,b Myb My/M;» | Polymer structured m(St)/n(DMAEMA)
[g/mol] [%] [g/mol] | [g/mol] H NMR EA GPC
Macroinitiator 6599 54.56 6429 7829 1.218 |PSez-Br - - -
Block 1 8184 69.42 6857 8196 1.195 |PSe2-b-PDMAEMA3 34.2 36.5 22.7
Block 2 16569 43.65 13876 17525 1.263 | PSe2-b-PDMAEMA4; 1.31 1.35 1.32

aTheoretical number average molecular weight (M, ) calculated from the feed capacity. My, s = (MuxConversionx[M]/[1])+M;, where
M,, and M; are the molar masses of monomers and initiator (or macroinitiator), respectively, [M] and [I] are the concentration of

monomer and initiator (or macroinitiator), respectively

bNumber average molecular weight (M,,), weight average molecular weight (M,,), polydispersity index (M,,/M,) and the segment length

of the polymers, by GPC

and water for Block 2) were solvents for
PDMAEMA homopolymer. Table 1 summarizes
the conversions, compositions, theoretical and
experimental molecular weights, and molecular
weight distributions of a series of PS-b-
PDMAEMA copolymers via atom transfer radical
polymerization.

As the results of Nuclear Magnetic Resonance
Spectra (IH NMR), Gel Permeation Chromatogra-
phy (GPC), and Elementary Analysis (EA), we
successfully synthesized a series of
amphiphilic polymers with narrow molecular
weight distributions.

have

3.2. Self-assembly

The conformational state of the polymers in solu-
tion, which is responsible for the compatibility phe-
nomena, depends on the solubility parameter (J).
Dissolution of polymers is optimal where the § val-
ues for polymer and solvent are similar (see
Table 2) [51]. High dielectric constant (g) values
and hydrogen bonding interaction improve the sol-
ubility of the corona block [52]. All aspects of the
free energy of the aggregation are influenced by
solvent. In a polar solvent, the hydrophobic part of
the block copolymer will form the core of such
micelles, whereas the hydrophilic block is expected
to extend into the polar phase [53].

Here we report on the TEM study of the structural
nature of PS-b-PDMAEMA in DMF with various
protonated degrees and in dioxane/water binary sol-
vent mixture (shown in Figure 4, 5, 6 and 9).
Table 3 shows the pH- and solvent-dependence of
the morphology and size measured from TEM
images.

It was found that, with increasing pH, the sequence
of copolymer structures in solution follows the
order of sphere and hexagonal phase mixtures,
spheres, vesicles, pearl necklaces, and finally
hexagonal phases. The vesicular morphology is
produced by just changes in the solution pH, which
suggests that the morphological changes are
induced by decreased repulsion (both steric and
electrostatic) among the hydrophilic segments as a
result of the protonation of PDMAEMA (by
p-toluene sulphonic acid). All above structures
have a phase separated core and a soluble corona
controlled by three components of the free energy
of aggregation: core-chain stretching, interfacial
energy and intercoronal chain interaction [36, 54].
The shade of color of the resulting aggregations can
be controlled by adjusting the dyeing time in the
negative staining agent.

The plan view electron micrograph images showed
that the aggregations consisted of the hexagonal
phase, rhombic phase and spherical micellar aggre-

Table 2. Solubilities of copolymers and homopolymers in various solvents

. S PS-b-PDMAEMA4
Material H-bondb [(cal/em3)12] g PS PDMAEMA 95% (Block 1) | 57% (Block 2)
DMF m 12.1 36.7 + 44 + ++ ++
Water S 234 80.1 —-a ++ —-= ——
1,4-Dioxane m 10.0 2.21% ++ —-—— ++ +4

a(+ +) readily soluble (10%, r. t); (——) insoluble; (+) soluble.
bH-bond: hydrogen bond; s-strongly m-moderately ib.
cdielectric constant (20°C); *25°C; from reference 53.

dweight fractions of styrene in the copolymers are 95% and 57%, respectively.
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Figure 4. TEM images, electron diffracting (ED) patterns, and energy-dispersive analysis of X-rays (EDAX) spectra of
the aggregations self-assembled by 1 wt% PSe2-b-PDMAEMA3 in DMF at pH = 1 (a, b, ¢) and crystal of nega-

tive staining agent (d, e, f) used in TEM

Table 3. Summary of the effect of solvent polarity or pH on the morphology for PS-b-PDMAEMA

Solvent Block 1 Block 2
Morphology Size2 [nm] Morphology Size?2 [nm]
DMF pH=1 hexagonal/rhombic phases 443-1131 hexagonal/rhombic phases 714-988
spherical micelles 668-1310
pH=2 spherical micelles 420-768 hexagonal/rhombic phases 226-1710
pH=4 vesicles 370-690 spherical micelles 7-9
pH=5 necklace-like micelles 208-320 spherical micelles 4-5
hexagonal/rhombic phases 1948-3638
dioxane/water large compound micelles 89499 spherical micelles 73-194
vesicles 48-232

aThe values listed in the table are the diameters of micelles and vesicles or the side lengths of hexagonal/rhombic particles.

gations self-assembled by 1 wt% PSe2-b-
PDMAEMA3; in DMF at pH = 1 and crystal of neg-
ative staining agent, as shown in Figure 4a and
Figure 4d. To our knowledge, only inorganic com-
pounds and a few organic compounds can form
highly symmetrical crystal. It seems incredible that
an amorphous polymer, such as PS-b-PDMAEMA,
can self-assemble into a highly symmetrical struc-
ture such as a hexagonal phase or a rhombic phase.
To confirm the composition of the hexagonal parti-
cles, the corresponding selected area energy-disper-
sive analysis of X-rays (EDAX) spectrum is shown
in Figure 4c, compared with the EDAX spectrum
of potassium phosphotungstate in Figure 4f, by
which elemental composition of aggregations were
analyzed to shed light on the structure. The strong
Cu signal is caused by the sample holder (copper
grid). We did not detect any signals corresponding

to inorganic compounds, indicating our purification
of the powder of the copolymer of PS-b-
PDMAEMA eliminated any inorganic impurity.
The selected area diffraction patterns are shown in
Figure 4b and Figure 4e. The intensity of the rings
from the hexagonal phases is hazy and decrescent
indicating that the phases do not have a preferred
orientation just as crystal. Contrarily, the superim-
posed rings originating from electron diffraction
from crystal of potassium phosphotungstate were
composed of bright spots. We judge that this lack
of preferred orientation in hexagonal phase might
be due to the undefined arrangement of macromol-
ecules holding long chains and a great deal of
atoms. By combining these three techniques,
detailed information on the elemental component
and the two-dimensional structure of aggregations
could be determined.
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Figure 5. TEM images of the aggregations self-assembled by 1 wt% PSe>-b-PDMAEMA3 in DMF at pH =1 (a); pH =2

(b);pH=4 (c)and pH=5 (d, e, f)

First time Shen and Eisenberg reported of the for-
mation of hexagonal particles self-assembled by
10.0 wt% asymmetric amphiphilic PS49-b-PAA7>
in dioxane/water (w/w: 63/37) mixture [29]. They
presumed that the inverted morphologies were so
compact that no internal structure could be seen,
probably because of the very small diameters of the
hollow rod regions that the shot PAA blocks pro-
duced in the PS domain. Here we obtained much
larger and regular hexagonal and rhombic struc-
tures in DMF self-assembled by not only the asym-
metric amphiphilic PSe>-b-PDMAEMAj3 at pH = 1
(Figure 4a and 5a) and pH =5 (Figure 5f) but also
the semi-symmetric PSe-0-PDMAEMA47  at
pH =1 (Figure 9a) and pH = 2 (Figure 9b). For the
coexistence of large dimensioned hexagonal/ rhom-
bic structure and spherical micelles, we believe that
the hexagonal/rhombic structure is formed by the
second aggregation of very small PS-b-
PDMAEMA micelles with higher total surface
areas and energy than the larger micelles (Figure 7a
and 10a).

[

For linear PS-5>-PDMAEMA in polar solvent, the
corona repulsion force and the core dimension
determined the morphology. In DMF solvent, the
corona repulsion force of PDMAEMA blocks with
high degree of protonation controlled by addition
amount of p-toluene sulphonic acid was dominant
and thus the sphere morphology was observed. We
can clearly see coexistence of spherical nanoparti-
cles with the sizes between 700 and 1000 nm, hav-
ing a phase-separated PS core and a PDMAEMA
corona (Figure 7b and 10b), and hexagonal parti-
cles in Figure 5a. The hexagonal particles totally
disappear and only spherical micelles exist when
pH is further increased to 2. The micelles have a
nearly spherical shape and an average diameter of
500 nm, as shown in Figure 5b.

When the pH of solution is increased, the size of
morphologies, as listed in Table 3, decreases. Much
smaller micelles with average diameters decreasing
from about 8 to 5 nm are also formed by PSe2-b-
PDMAEMA 47 while the solution pH increases from
4 to 5 (Figure 9c and 9d). While longer corona

T ol

500n:1] E,
| “

Figure 6. TEM images of the aggregations self-assembled by 1 wt% PSe2-b-PDMAEMA3 in dioxane/water (v/v: 94/6)
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Figure 7. Proposed chain architectures of block copolymers PS¢2-b-PDMAEMAj; in the hexagonal/rhombic phase (a),
spherical core-shell micelle (b), vesicle (c), reverse rhombic/hexagonal phase (d), and pearl necklace-like

reverse micelle (e)

chain makes the micellar aggregation number
decrease [30], the micelles formed by PSe2-b-
PDMAEMA,4; are smaller than those self-assem-
bled by PSe2-b-PDMAEMA3, though the former
molecule is larger. For the weaker electrostatic
repulsive force between corona PDMAEMA
chains, smaller micelles are formed by PSe2-b-
PDMAEMA4; in solution pH = 5 self-assembled by
less molecules than pH = 4. Meanwhile, the quan-
tity of spherical micelles also increases obviously.
Figure 5c shows TEM image of vesicular aggrega-
tions self-assembled by 1 wt% PSe2-b-PDMAEMA;
in DMF at pH = 4. Well defined closed bilayer
structures are seen in the image. The contrast in the
images Figure 5b and Figure 5c can be directly
understood as the vesicular structure with a dark
halo surrounding the grayer interior. For PSe-b-
PDMAEMA;, the weaker the electrostatic repul-
sive force is, the lower the morphological curvature
is. Lower curvature makes the vesicular structure
appear (Figure 7c¢).

Core-shell micelles are present again and coexist
with sheer hexagonal phases self-assembled by

-,l'— PS chain in corona

a)

PDMAEMA chains

‘water molecule
core of micelle (PS chains)

large compound reverse micelle (LCRM)

1 wt% PSer-b-PDMAEMAj3; in DMF at pH = 5.
Their low magnification images are shown in Fig-
ure 5d, Se and Figure 5f. The micelles are seen to
have sizes down to 250 nm compared with micelles
with a bigger average diameter of 500 nm in Fig-
ure 5b. Typically, with increasing pH condition, the
micelles are connected by bridging chains yielding
a bunch structure that exhibits interesting necklace
shape, with occasional multifunctional beads main-
taining the gelled network. The pearl necklace mor-
phology is most likely a result of the acid driving
the spheres to form rods. However, the glassy
nature of the PS cores of the beads makes it impos-
sible to complete the transformation. The pearl
necklace thus represents an intermediate step
between spheres and rods [54]. Furthermore,
hexagonal and rhombic phases with side length on
the order of ~3 wm are prepared in DMF at pH =5
(Figure 5f). Their three-dimensional structures are
especially important to be understood in the study
of such large regions of the detailed image contrast
in such polygonal shape.

PDMAEMA chain

wmw«o%ac“’: 5
s IR

WVAAAANAAN

| PS chain |

b)

reverse vesicle

Figure 8. Proposed chain architectures of block copolymers PS¢2-b-PDMAEMA3 in the large compound reverse micelle

(LCRM) (a), and reverse vesicle (b)
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Figure 9. TEM images of the aggregates self-assembled by 1 wt% PS¢2-b-PDMAEMA47 in DMF at pH =1 (a); pH =2
(b); pH =4 (c); pH =5 (d); and in dioxane/water (v/v: 94/6) (e)

Because the protonation degree of PDMAEMA
block in PSe2-b-PDMAEMA3 is much lower in
DMF at pH =5 than at pH = 2, the electrostatic
repulsion should not contribute much to the smaller
spherical morphology through vesicular morphol-
ogy transition. The effect of the other two parame-
ters, the interface tension at the core-corona
interface and the stretching (deformation) of the
core-forming blocks in the core, may affect the
final morphology. As DMF is the common solvent
for both PS and PDMAEMA blocks (Table 2), the
polarity of PDMAEMA block decreases according
to the pH increasing, which induces the interface
tension at the core-corona interface decrease. It’s
likely that the PS stretching and decreased interface
tension cause the morphology change form vesicle
to pearl necklace-like reverse micelle with PS
corona and PDMAEMA core. The fusion between

a)

rhombic and hexagonal phase

b)
core-shell micelle

reverse micelles might be caused by interpenetra-
tion of PS blocks in corona (Figure 7e). We pro-
posed that the hexagonal/rhombic structure is also a
reverse phase and formed by the second aggrega-
tion of very small PSe-b-PDMAEMA3 reverse
micelles (Figure 7d).

With increasing hydrophobic characteristic of the
solvent in dioxane/water (v/v: 94/6) mixture com-
pared with DMF, we observed the large compound
reverse micelles (LCRMs) which are spherical and
highly polydisperse formed by secondary aggrega-
tion of reverse micelles self-assembled by PSe>-b-
PDMAEMA; (Figure 6a). The LCRMs formation is
illustrated that islands of PS chains are presumed in a
continuous phase of core-forming polymer
(PDMAEMA) all of which is surrounded by the sol-
vent soluble PS corona (Figure 8a). The model is
enlightened by Eisenberg who proposed the LCRMs

WMVWVWVW
PS chain PDMAEMA chaln

c)
reverse core-shell micelle

Figure 10. Proposed chain architectures of block copolymers PSe2-b-PDMAEMAy47 in the hexagonal/rhombic phase (a),
spherical core-shell micelle (b), and reverse spherical core-shell micelle (c)
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formed by PS-H-PAA in aqueous solution bore a
strong resemblance to bulk reverse micelles, which
present a further solution to the problem of how to
arrange a large, insoluble block where the solubiliz-
ing block is very short [55]. Vesicles are also coex-
isting in the solvent mixture (Figure 6b and 6c).

A striking model of the proposed chain architec-
tures of block copolymers PSe3-b-PDMAEMA3 in
the hexagonal/rhombic phase, spherical core-shell
micelle, vesicle, reverse hexagonal/rhombic phase,
pearl necklace-like reverse micelle is proposed in
Figure 7 and large compound reverse micelle
(LCRM), reverse vesicle in Figure 8. For poly-
styrene with PDMAEMA hydrophilic end-caps and
a molecular weight greater than small molecular
surfactant, PS¢2-b-PDMAEMA;3 copolymers self-
assemble into big size core-shell micelles or large
compound reverse micelles (LCRMs) consisting of
a hydrophilic core that is surrounded by a corona of
PS segment. Typically, the higher pH condition of
solvent decreases the electrostatic repulsion of
these positively charged PDMAEMA head-groups
due to the lower charge density, which causing the
size of the aggregation decrease.

It is found that the aggregation configuration self-
assembled by 1 wt% PSe2-b-PDMAEMA4; (core-
shell micelle) remains unchanged with pH shift in
DMF from 4 to 5. And also, in dioxane/water (v/v:
94/6) solvent mixture, only reverse core-shell
micelles are obtained (Figure 9¢). From the TEM
results in Figure 9, the self-assembly microstructure
of PSe2-b-PDMAEMA47 based on the aggregation
mechanism as depicted in Figure 10 is proposed.

4. Conclusions

In this study, amphiphilic linear block copolymer
with one block of polystyrene (PS) and another
environmental-sensitive block of poly (dimethy-
laminoethyl methacrylate) (PDMAEMA) were suc-
cessfully synthesized by atom transfer radical
polymerization.

We report on transmission electron microscopy
(TEM) based structural studies of the self-assembly
behavior of PS-b-PDMAEMA. Indeed our experi-
ments have reported changes in the structure of
aggregations formed by PSe-b-PDMAEMA;
resulting from changing in solvent and in charge
density by adjusting solvent acidity. A rich variety
in the image contrast is observed. At the same time,

PSe¢2-b-PDMAEMA47 copolymers are in the form
of micelles in different solvent. Besides simple,
core-shell micelles, large compound reverse
micelles (LCRMs), vesicles, reverse vesicles,
hexagonal phase, reverse hexagonal phase and
pearl necklace-like micellar aggregates have been
prepared from asymmetric diblock copolymers
PSe2-b-PDMAEMA3 in dilute solution (1 wt%).
This study illustrates the chain architectures of
block copolymers in the morphologies of molecular
self-assembled nanostructures. Some of the aggre-
gates may have potential applications in areas such
as separations and drug delivery systems. When the
PS block length is nearly equivalent to the
PDMAEMA block length, most of the aggregates
of semi-symmetric diblock copolymers PS¢2-b-
PDMAEMA47 in organic solvent (DMF) or binary
solvent mixture (dioxane/water, v/v: 94/6) are
spherical, with a core-shell structure.

We note that the larger size of aggregations is due
to their electrostatic repulsion of these positively
charged PDMAEMA head-groups and their low
surface curvature associated energy. The participa-
tion of polymers in aggregations enhances the con-
figuration stability caused by the viscosity between
polymeric long chains. Moreover, their large sur-
face-to-volume ratio makes them sensitive to envi-
ronmental conditions, which are intimately linked
to their structural reorganization, including size,
shape, bulk (interior), and surface bonding. All
above structures are controlled by three compo-
nents of the free energy of aggregation: core-chain
stretching, interfacial energy and intercoronal chain
interaction.
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Abstract. Novel thermoplastic vulcanizates (TPVs) based on polypropylene (PP) and new generation ethylene-octene
copolymer (EOC) have been developed by dynamic vulcanization process, which involves melt-mixing and simultaneously
crosslinking a rubber with a thermoplastic. In this paper technologically compatibilized blends of PP and EOC were
dynamically vulcanized by coagent assisted peroxide crosslinking system. The effect of structurally different types of per-
oxides, namely dicumyl peroxide, di-tert butyl peroxy isopropyl benzene and tert-butyl cumyl peroxide with varying con-
centrations on the properties on TPVs was mainly studied. The physico-mechanical, thermal and morphological properties
of these TPVs were characterized by using X-ray diffraction (XRD), differential scanning calorimeter (DSC) and scanning

electron microscopy (SEM).

Keywords: polymer blends and alloys, polypropylene, ethylene octene copolymer, thermoplastic vulcanizate, peroxide

1. Introduction

Thermoplastic Elastomers (TPEs) have the pro-
cessing characteristics of a thermoplastic and func-
tional performance of a conventional thermoset
rubber. TPEs are gaining importance day-by-day
because of their wide range of applications espe-
cially in the automotive industries [1]. TPEs can be
broadly classified into two groups: block copoly-
mers and rubber—plastic blends. Blending of two or
more polymers can give rise to better balance of
properties than that of individual components.
Polyolefin based blends have attracted much atten-
tion due to easy processability and broad spectrum
of properties which can also be obtained at compet-
itive price. Dynamic vulcanization is the process of
mixing a thermoplastic and a rubber, and the latter
is being cross-linked under dynamic conditions.
The process needs to be carried out at high shear

“Corresponding author, e-mail: knaskar @rtc.iitkgp.ernet.in
© BME-PT and GTE

rate above the melting temperature of thermoplastic
and also at sufficiently high temperature to activate
and to complete the process of vulcanization. The
material prepared, so called thermoplastic vulcan-
izate (TPVs) or dynamic vulcanizate is character-
ized by processing behavior like thermoplastic at
elevated temperature and performance properties of
vulcanized rubber at ambient temperature [2]. In
this dynamic vulcanization, small cross-linked rub-
ber particles are dispersed in the uncross-linked
thermoplastic polymer matrix as microgels,
although the content of rubber exceeds the thermo-
plastic content in most cases. Dynamic vulcaniza-
tion is a route to configure thermoplastic elastomer,
which have better properties than those of conven-
tional block co-polymer TPEs. Gessler was the first
to claim dynamically vulcanized blends in 1962
[3]. Significant improvement in the field of TPVs
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was achieved by Coran and Patel [4] by fully vul-
canizing the rubbery phase without affecting the
thermoplasticity of the blends. Further develop-
ment in this field was advanced by Abdou-Sabet
and Fath [5] by using phenolic resin as curative in
polypropylene/ ethylene propylene diene rubber
(PP/EPDM) which not only crosslink rubbery
phase but also involve in compatibilizing the two
phases by forming graft-links between the blend
components. Though several cross-linking agents
have been employed to cross-link the elastomer
phase in TPVs, the phenolic resin, peroxide and
silane cross-linking systems have gained consider-
able commercial importance. Major advantages of
using peroxide cross-linking system are that they
have improved high temperature resistance,
reduced compression set, their ability to vulcanize
both saturated and unsaturated rubbers and rever-
sion resistance [6]. Besides the advantages of per-
oxide, there are also some disadvantages like radi-
cal transfer, polymer scission, dehydrohalogenation
(in halogenated polymers like polyvinyl chloride,
chlorinated polyethylene etc.) and oxygenation etc.

These types of competing reactions can be partially
overcome by employing suitable coagent. Coagents
are basically multifunctional reactive monomers
mostly containing terminal unsaturation, which
undergo addition reaction to stabilize the highly
reactive polymer radicals. Principally it suppresses
the chain scission reaction and enhances the extent
of cross-linking. General mechanism for coagent
assisted peroxide crosslinking along with possible
competing reactions is shown in Figure 1 [7].
Naskar and Noordermeer [8, 9] investigated the
possible use of peroxides in the production of
PP/EPDM TPVs. They showed the influence of
structurally different peroxides with special refer-
ence to the mechanical properties. Multifunctional
peroxide [10], having peroxide and coagent func-
tionality in a single molecule was also explored to
overcome the unpleasant smell and blooming char-
acteristics produced by decomposed products of
some peroxides. Thitithammawong et al. [11] stud-
ied the influences of different peroxides in
PP/epoxidized natural rubber (ENR) TPVs. Chat-
terjee and Naskar [12] also studied the properties of

PRODUCTIVE REACTION

C—

COMPETITIVE REACTION I]I

Peroxide
(ROOR)
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. " —_— . i
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Figure 1. Various productive and competitive reactions involved in coagent assisted peroxide system
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dicumyl peroxide cured TPVs based on maleated
ethylene propylene rubber (m-EPM) and PP using
maleated-PP as compatibilizer.

Interrelationships of morphology, properties and
processing characteristics of dynamically vulcan-
ized blends have been reviewed by Karger-Kocsis
[13]. Properties of the TPVs depend on their mor-
phology and the crosslink density in the elastomer
phase. An investigation on the correlation between
mechanical and morphological properties of oil
extended PP/EPDM TPVs was carried out by Sen-
gupta [14]. Recently Naskar [15] made an exten-
sive review on structure-property relationship of
PP/EPDM TPVs. Considerable researches have
been pursued on PP/EPDM TPVs, but TPVs based
on ethylene octene copolymer and PP were not well
explored. Ethylene octene copolymers (EOC) or
plastomers are a relatively new class of polymers
that emerged with recent advances in metallocene
polymerization catalysts. Representing one of the
fastest growing synthetic polymers, EOCs are com-
patible with most of the olefinic materials which
impart excellent impact strength for semicrystalline
polymers, and offer unique performance capabili-
ties for compounded products [16]. EOC is gradu-
ally replacing the field of applications of EPDM
rubber and can be considered as a suitable alterna-
tive for EPDM. Addition of peroxide in PP/EOC
blend involves two major competing reactions:

EOC cross-linking and PP degradation by [B-scis-
sion. Final product properties are thus dependent on
the balance among those two competing reactions.
The primary objective of the present investigation is
to study the influence of structurally different perox-
ides on the physico-mechanical, thermal and mor-
phological characteristics of the dynamically
cross-linked polypropylene (PP) and ethylene octene
copolymer (EOC) blends at a fixed blend ratio.

2. Experimental
2.1. Materials

The general purpose polyolefin elastomer Exact
5171 (specific gravity, 0.870 g/cc at 23°C; co-
monomer (octene) content 13%; melt flow index
(MFI), 1.0 dg/min at 190°C/2.16 kg), was commer-
cialized by Exxon Mobil Chemical Company,
USA. Polypropylene (PP) (Specific gravity,
0.9 g/cc at 23°C; melt flow index, 3.0 g/10 min at
230°C/2.16 kg) was obtained from IPCL, India.
The coagent, tri allyl cyanurate (SR 507A; Specific
gravity, 1.12 g/cc at 23°C) was obtained from Sar-
tomer Company, USA. Three different types of
peroxides were used and their commercial names,
chemical names and half life data were given in the
Table 1. These materials were obtained from Akzo
Nobel Chemical Company, The Netherlands.

Table 1. Commercial names, chemical names, structures and half-life (¢12) data of various peroxides used

Commercial name

Structure and chemical name

Temperature at which
t1/2 = one hour [°C]

o
Perkadox-BC-40BPB @C—O—O—C 138
(40%) |
CH, CH,
Dicumyl peroxide (DCP)
C Hy CH N

Perkadox-14-40B-D

C—O—()—C— CHy

CH1 cH1
146
(40%) H,C —L —0— 0—c CH . H,
LHw‘
D1(2 tert butyl peroxy isopropyl)benzene (DTBPIB)
(|:H_1 CH,4
|
Trigonox-T-50D-D | CHy— C— ()—O—C@ 146
(50%) | I
CH, CH,

Tert-butyl cumyl peroxide (TBCP)
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2.2. Preparation of PP/EOC TPVs

Compositions showing blend constituents, type and
concentration of different peroxides are shown in
the Table 2. The experimental variables are the
type and concentration of peroxides. All TPVs
were prepared by a batch process in a Haake
Rheomix600 internal mixer, having a mixing
chamber volume of 85 cm3 with a rotor speed of
80 rpm at 190°C. Immediately after mixing, the
composition was passed once through a cold two-
roll mill to achieve a sheet of about 2 mm thick-
ness. The sheet was cut and pressed in a compres-
sion molding machine (Moore Press, Birmingham,
UK) at 200°C, 4 min and 5 MPa pressure. The
sheet was then cooled down to room temperature
under pressure. Test specimens were die-cut from
the compression molded sheet and used for testing
after 24 hrs of storage at room temperature. Since
different peroxides not only differ in molecular
weight but they also have different relative func-
tionality depending on the number of peroxy
groups present. From the structures of different per-
oxides (Table 1), it is clear that one mole of
DTBPIB contains two peroxide groups where as
DCP and TBCP contain one peroxide group. The
technical definition of an equivalent is the amount
of substance it takes to combine with one mole of
hydrogen ion. A milliequivalent (meq) is 1/1000 of
an equivalent, for a monovalent ion one milliequva-
lent is equal to one mole. In practice, the amount of
substance in equivalent often has a small magni-
tude, so it is frequently expressed in terms of mil-
liequivalents. In order to compare different perox-
ides, concentrations employed were expressed in
terms of milliequivalents per 100 g of pure EOC.
TPVs prepared by different peroxides are desig-
nated as D for dicumyl peroxide (DCP), T for tert-
butyl cumyl peroxide (TBCP) and DT for di(tert-
butylperoxyisopropyl)benzene (DTBPIB). The

Table 2. TPV compositions in phr (parts per hundred rubber)

number in the compound designation (Table 2) cor-
responds to the respective concentration of perox-
ide in milliequivalents.

2.3. Testing procedure

Tensile tests were carried out according to ASTM
D412-98 on dumb-bell shaped specimens using a
universal tensile testing machine Hounsfield
H10KS (UK) at a constant cross-head speed of
500 mm/min. Tear strength was carried out accord-
ing to ASTM D-624-81 test method using un-
nicked 90° angle test piece. Tension set was per-
formed at room temperature with a stretched condi-
tion for 10 minutes at 100% elongation according
to ASTM D412-98 method. A Rubber Process
Analyzer, RPA-2000 (Alpha Technologies, USA),
was used to study the cure-characteristics of the dif-
ferent types of peroxides employed only on the
EOC part (PP omitted) at 180°C for 30 minutes at
2.79% strain and a frequency of 1 Hz. Equilibrium
solvent swelling measurement was carried out on
the pure EOC gum vulcanizate to determine the
crosslink density of the EOC. The crosslink density
was calculated using the modified Flory—Rehner
equation. A circular test piece of 2 mm thickness
was allowed to swell in cyclohexane for about
48 hours to attain equilibrium swelling condition.
Initial weight, swollen weight and deswollen or
dried weight were taken and substituted in the
equation to get the crosslink density values.

Wide angle X-ray Diffraction was performed with
a Philips PW 1840 X-ray diffractometer (The
Netherlands) with a copper target (CuKy). The
samples were scanned from 10 to 40° (20) at a scan-
ning speed of 0.05° 26/s with an operating voltage
of 40 kV and current of 20 mA. Differential scan-
ning calorimeter (DSC) measurements were carried
out using a DSC Q100 V.8.1 (TA instruments,

COMP-ID | PP-EOC| DI D3 D5 D7 Tl T3 T5 T7 | DT1 | DT3 | DI5 | DT7
EOC 100 100 | 100 100 100 | 100 100 100 100 100 | 100 100 | 100
PP 50 50 50 50 50 50 50 50 50 50 50 50 50
DCP — 10.68(1) | 2.03(3) | 3.38(5) | 473(7) | - - - - - - - -
TBCP - - - - —T042(D) | 1.26(3) | 2.105) | 2.94() | - - - -
DTBPIB . . - - . - . - — 10431 [ 1.273) [ 2.13(5) | 2.98(7)
TAC - 2 2 2 2 2 2 2 2 2 2 2 2

Values in the parenthesis corresponds to the concentration of corresponding peroxide expressed in milliequivalent.

D — Dicumyl peroxide (DCP)
T — Tertbutylcumyl peroxide (TBCP)
DT - Di(tertbutylperoxyisopropyl) benzene (DTBPIB)
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USA). The scans were taken in the temperature
range from —80 to 200°C with a programmed heat-
ing rate of 10°C/min under nitrogen atmosphere.
Phase morphology of the cryo-fractured samples of
various blends was investigated by Digital Scan-
ning Electron Microscope (SEM) (JEOL JSM
5800, Japan).

3. Results and discussion
3.1. Mechanical properties

Mechanical properties are considerably improved
by the dynamic vulcanization process. Influences
of different peroxides on the mechanical properties
of the PP/EOC TPVs are shown in the Figures 2-6.
Effect of peroxide on a particular system depends
on the nature of the polymer, type and concentra-
tion of peroxide and also upon the reactivity of
other components in the system. It is generally
accepted that peroxide causes cross-linking in EOC
and also causes 3 chain scission in PP by abstrac-
tion of tertiary hydrogen atom from the main chain
polymers. Addition of co-agents, which are highly
reactive towards free radicals, can improve the
cross-linking tendency to form tighter network in
EOC and also decrease the extent of degradation in
PP. Figure 2 shows the improvement in tensile
strength with the addition of co-agent assisted dif-
ferent peroxide system with varying concentration.
It is observed that tensile strength increases ini-
tially, reaches a maximum and then decreases for
DCP and DTPBIB, whereas for TBCP after initial
increase it levels off. DCP cured TPVs show maxi-

Tensile strength [MPa]

8 L] i | T Ll T U

0 1 2 3 4 5 6 7 8
Concentration of peroxide [meq]

Figure 2. Tensile strength as a function of concentration
of different peroxides. (Composition corre-
sponds to Table 2)
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Figure 3. Elongation at break as a function of concentra-
tion of different peroxides. (Composition corre-
sponds to Table 2)

mum tensile strength at 3 meq concentration. On
decomposition, DCP and DTBPIB produce highly
reactive radicals and the amount of generated radi-
cals are also higher than for TBCP [8]. The
decrease in tensile strength at higher concentration
of DCP and DTBPIB may be due to the severe
degradation on the PP phase. Figure 3 shows the
elongation at break behavior as a function of con-
centration of different peroxides. Elongation at
break continuously decreases although little differ-
ence between the various peroxides used is noticed;
TBCP shows a relatively higher value compared to
others. Decreasing trend may be associated with the
phase inversion on morphology and cross-linking
in the EOC phase. Also at higher dosage level, the
nature of failure of the samples shows brittle type.
Moduli at 100% elongation as a function of con-
centration of different peroxides are shown in Fig-
ure 4. Modulus value increases initially and then
reaches a plateau. DCP shows the highest modulus
and TBCP shows the lowest modulus, which corre-
sponds to the trend in tensile strength values. It is
observed that crosslinking efficiency of DCP and
DTBPIB is higher than TBCP, which is further
manifested from the cure characteristics.

Tear strength of the TPVs increase considerably by
the dynamic vulcanization process. Influence of
different peroxides on the tear strength is shown in
Figure 5. During dynamic vulcanization, along
with the cross-linking process on EOC phase, graft-
ing of EOC on PP can also take place; the latter
improves the interfacial adhesion. DTBPIB shows
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Figure 4. Modulus at 100% as a function of concentration
of different peroxides. (Composition corre-

sponds to Table 2)
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Figure 5. Tear strength as a function of concentration of
different peroxides. (Composition corresponds

to Table 2)
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Figure 6. Tension set as a function of concentration of dif-
ferent peroxides. (Composition corresponds to
Table 2)
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the maximum tear strength at 3 meq concentration
and DCP shows the least value. Decreasing trend
on higher loading of peroxide may be due to severe
degradation in PP and thus it has limited extensibil-
ity of cross-linked EOC [17]. DTBPIB is expected
to form better interfacial cross-linking. Tensions set
values as the function of concentration of different
peroxides are shown in Figure 6. Unvulcanized
blends show lower set values; whereas dynamically
vulcanized ones show higher values. However,
with further addition of peroxide tension set
decreases continuously. This behavior may be
explained on the basis of morphological aspect. In
unvulcanized blend EOC being the major propor-
tion give rise to continuous phase and PP as dis-
persed phase. It has been previously reported that
EOC exhibit higher viscosity and elastic property
than PP [18]. However, phase inversion occurs due
to dynamic vulcanization which causes cross-
linked EOC as dispersed phase and PP as continu-
ous matrix which is responsible for the higher set
values. Further as the concentration of peroxide
increases, formation of tighter network causes
gradual decrease in set values (higher elastic recov-
ery property). Among the peroxides taken under
investigation, DCP exhibits lower set values than
DTBPIB and TBCP.

Hence mechanical properties of PP/EOC TPVs by
coagent assisted peroxide would be ascribed by the
extent of cross-linking in the EOC phase as well as
extent of PP degradation. Different types of perox-
ides have different cross-linking efficiency and
exhibit different decomposition pattern under given
condition [8] which is responsible for governing
final TPV properties.

3.2. Cure characteristics and crosslink
density

In order to interpret the effect of different peroxides
on the PP/EOC TPVs, it is necessary to understand
the reactivity and efficiency of different peroxide
only on EOC phase (PP omitted). Table 3 shows
the cure characteristics for pure EOC gum vulcan-
izate. It is observed that irrespective of type of per-
oxide used, increase in concentration of peroxide
causes increase in maximum torque (Max §) and
hence delta torque values (AS). This is evident that
increase in concentration of peroxide, more radicals
are formed and thus higher the crosslinking effi-
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Table 3. RPA test results and crosslink density for pure EOC gum vulcanisates

Compound Min S Max S AS T1o Too Cure rate Crosslink density (v)
name [dNm] [dNm] [dNm] [m:s]a [m:s]a [%] +10-4 mol/ml

RDI 0.35 3.59 3.23 0.4 2.6 44.0 1.85

RD3 0.47 4.20 3.73 0.3 24 48.0 2.50

RD5 0.87 5.06 4.19 0.3 23 48.0 2.88

RTI 0.10 3.12 3.01 1.0 52 23.8 1.02

RT3 0.17 4.18 4.01 0.5 4.5 24.8 1.88

RTS5 0.27 4.40 4.12 0.4 4.2 26.1 1.96

RDT1 0.20 3.65 343 0.5 5.6 19.4 1.93

RDT3 0.22 4.34 4.12 0.4 5.2 21.0 2.52

RDTS 0.43 5.20 4.77 0.3 4.2 259 2.69

am:s — minutes:seconds

R denotes the compound composition in the Table 2 without PP content
6.0 3 .
55 swollen network [cm3/mol], which can be
50 e e expressed by Equation (2):
4.5- — e o 4 1

_ 40- V. = )

£ 35! A, +1

T,

] 3.0 1 . .

& 25 where A, is the ratio of the volume of absorbed

P cyclohexane to that of ethylene-octene copolymer
154 after swelling.
1.04 P TBCP is found to give lowest crosslink densities,
0.5 —i— DTBPIB where as DCP and DTBPIB show higher and the
00 0 0500 10b0 1800 2000 250 3000 latter shows only marginal difference in the values.

Time [min]

Figure 7. Rheographs for EOC compounds with 5 meq
concentration of different peroxides

ciency and simultaneous decrease in scorch (7'10)
and optimum cure time (7). Figure 7 shows the
rheographs of different peroxides on the EOC
phase at a concentration of 5 meq. As can be
observed from the Figure 7 and Table 3, DTBPIB
shows the maximum torque values followed by
DCP and TBCP whereas considering the rate of
cross-linking i.e., cure rate index (CRI), DCP is the
fastest followed by TBCP and DTBPIB.

Crosslink density of pure EOC gum vulcanizate (V)
was calculated by using Flory—Rehner equation
(Equation (1)):

1 In(d=V)+V +y(V.)>
v InC r3/% L +x(V,) 0
v, (V)3 0.5V,

where V; — molar volume of cyclohexane [cm3/mol],
X — polymer swelling agent interaction parameter,
which in this case is 0.306 [19] and V; — volume
fraction of ethylene-octene copolymer in the

There was a clear trend of variation in modulus val-
ues of TPVs for different peroxide with the delta
torque and crosslink density values. Change in
elongation at break and tension set values of TPVs
with increase in concentration of different peroxide
are also well correlated with the extent of crosslink
density.

3.3. Differential scanning calorimeter (DSC)

DSC data of PP/EOC simple blends along with
three different peroxide cured PP/EOC TPVs are
shown in the Table 4. The blend shows two glass
transitions (7,) and melting endotherms (7).
These clearly indicate that the blend components
are thermodynamically immiscible. By dynamic
vulcanization they are made technologically com-
patible which is manifested by improvement in
mechanical properties. With the addition of perox-
ide, two major reactions take place. First, glass
transition of EOC is shifted to higher temperature
which may be due to cross-linking in EOC phase.
Secondly, melting endotherm of both EOC and PP
phases were diffused or obscured. This can be
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Table 4. DSC data of PP/EOC TPVs with different peroxides

Compound Tg AH¢ % T T, AHf % Tm

name EOC EOC CRY. EOC PP PP CRY. PP
[°Cl [)/g] EOC [°C] [°CI [J/g] PP [°Cl

PP - - - - 9 98.88 47.76 165

EOC =51 23.34 8.05 50 - - - -

PP-EOC 51 16.22 8.47 50 7 32.75 47.50 165

D3 —47 15.97 8.26 52 8 30.82 44.70 163

T3 —48 15.51 8.02 51 7 31.58 45.80 164

DT3 47 15.72 8.13 52 8 30.48 44.20 163

DI15* —45 11.32 5.86 50 1 23.65 34.62 150

“DCP of 15 meq concentration

explained on the basis of cross-linking in EOC part

and grafting of EOC on PP or grafting of PP on D15

EOC that limits the crystallizing tendency thereby

reducing the heat of fusion (AHy) and percentage

crystallinity (% CRY) of PP as shown in Table 4. - o5

DCP and DTBPIB show higher cross-linking effi- g

ciency over TBCP and correspondingly affect more 2

the crystallization of PP. £

Further to understand the influence of higher PREX

dosage level of peroxide, DCP of 15 milliequiva-

lents (meq) concentration was taken for the prepa- PP

ration of TPVs (in Table 4 designated as D15). It is 1 15 a0 o a0 a5 20

interesting to note that apart from above mentioned
effects, perfectness of the crystals in PP (size of the
crystals) is affected considerably which is observed
by a drastic fall in melting temperature from 165 to
150°C; glass transition temperature of PP also
decreases from 8 to 1°C.

3.4. Wide angle X-ray diffraction (WAXD)

Crystallinity level and pattern of the blends were
studied by using wide angle x-ray scattering tech-
nique. Figure 8 shows the WAXD pattern of the
pure PP, PP-EOC unvulcanized blend and dynami-
cally vulcanized blends. The diffraction pattern has
a broad amorphous background superimposed on
sharp crystalline peaks. Generally PP has three
crystalline structure o (monoclinic), B (pseudo
hexagonal) and v (triclinic). The diffraction pattern
of PP has five sharp diffraction lines corresponding
to 110, 040, 130, 111 and overlapping of 131 with
041 planes in the crystal which are located at a scat-
tering angle 20 of 14.2, 17.1, 18.7, 21.4 and 22.0°
respectively. The pattern shows only o form
because there is no line at 20 of 16.1° generally
associated with B form [20]. Crystallinity pattern
can be inferred from the change in position of

20

Figure 8. WAXD of PP, unvulcanized and dynamically
vulcanized PP/EOC blends

peaks, whereas crystallinity level from the intensity
of the peaks. Percentage crystallinity value can be
calculated using Equation (3) from the area under
the crystalline and amorphous portions.

X, =—1e 100
I.+1

c a

3)

where X. — degree of crystallinity [%], /. — inte-
grated intensity of crystalline region, I, — integrated
intensity of amorphous region.

Table 5 shows the degree of crystallinity in TPVs
calculated from the WAXD. Upon adding EOC
with PP, there is no change in the peak position
which suggests that blending only slightly affects
the a monoclinic pattern of PP. But peak at

Table 5. Degree of crystallinity X, calculated from WAXD

Compound name % Crystallinity
PP (Pure) 50.9
PP-EOC (Unvulcanized) 49.4
D5 (Dynamically vulcanized) 46.7
D15 (Dynamically vulcanized) 29.6
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Figure 9. Morphology of the 50/100 PP/EOC blend (a) without dynamic vulcanization (b) 1 meq concentration of DCP
(c) 5 meq concentration of DCP

20 = 14.1° corresponding to o (110) plane intensity
decreases indicating a small decrease in crys-
tallinity level. This can be explained by the migra-
tion of EOC phase into the interchain spaces of PP.
Similar behavior was obtained in PP/EPDM simple
blends. It shows that increasing the EPDM content
in the blend cause more defective and thinner
lamellar crystals [21].

From the WAXS graph (Figure 8) of 5 meq con-
centration of DCP cured TPVs, again the intensity
of the peaks decreases suggest the decrease in the
crystallinity value. This may be due to the forma-
tion in-situ grafting of EOC with PP, which further
reduces the regular arrangement of crystalline
region and makes the crystallization process diffi-
cult. In order to have a better understanding of the
effect of peroxide on the crystalline pattern, 15 meq
concentration of DCP cured TPVs was analyzed.
As mentioned previously, grafting of EOC on PP
and limited extent of crosslinking in PP lead to
decrease the crystallinity and the perfectness of the
spherulite. Guan et al. [22] also reported that graft-
ing of modifiers (like guanidine, diamide polymers)
on PP backbones cause a decrease in crystallinity
level and affect the perfectness of spherulites. Vari-
ation in the packing in the crystal lattice also
inferred from the change in the peak position at
15 meq concentration.

3.5. Morphology

Morphology of un-vulcanized and dynamically
vulcanized blends of PP/EOC TPVs are shown in
Figure 9. In general morphology of un-vulcanized
blend shows either a co-continuous phases or larger

rubbery particle dispersed in PP phase or PP parti-
cles dispersed in an EOC matrix depending on the
blend composition. In this blend system of
PP/EOC, EOC being in greater proportion than PP,
the former forms continuous phase and PP as dis-
persed phase. Figure 9a shows the unvulcanized
blend of PP/EOC, since both the components hav-
ing good affinity show the elongated particles of PP
dispersed in EOC matrix. During dynamic vulcan-
ization, phase inversion occurs. This is evident
because crosslinking of rubbery phase leads to
drastic increase in viscosity which forms cross-
linked EOC droplets in PP matrix and once it was
cross-linked it shows higher stability against coa-
lescence. As these droplets are formed PP becomes
the continuous phase which maintains thermoplas-
ticity of the blends. Figures 9b and 9c show the
dynamically vulcanized blends with 1 and 5 meq
concentration of DCP respectively. There is no
much difference in the morphology of different
peroxides taken under investigation. However, as
the peroxide concentration increases, high degree
of vulcanization persist, thereby decreasing the par-
ticle size with increasing number of particles [23].

4. Conclusions

Novel thermoplastic vulcanizates (TPVs) are pre-
pared by dynamic vulcanization process from
50/100 blend ratio of PP/EOC by coagent assisted
peroxide as crosslinking system. Dynamically vul-
canized blends show better mechanical and thermal
properties than those of unvulcanized blends. Dif-
ferent peroxides show different crosslinking effi-
ciency and different decomposition products hav-
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ing different reactivity. The choice of the best per-
oxide depends on the extent of crosslinking in EOC
phase and also on the extent of degradation in the
PP phase. Out of the three peroxides used in this
investigation di cumyl peroxide (DCP) shows the
best overall balance of properties except tear
strength. DTBPIB shows a significant improve-
ment in tear strength. Concentration of peroxide
also has significant influence on the mechanical
properties. Higher concentrations of peroxides
cause increasing brittle failure of the sample due to
severe degradation in the PP phase. Peroxide of
3 meq is sufficient to give significant improvement
in mechanical properties. From the cure character-
istics, different peroxides employed can be ranked
on basis of efficiency and reactivity. Crosslinking
efficiency can be ranked as DTBPIB=DCP>TBCP
and cure rate can be ranked as DCP>TBCP2=
DTBPIB. Differential scanning calorimetry and
morphological analysis show that the blend compo-
nents are thermodynamically immiscible and exist
as a heterogeneous biphasic system. DCP and
DTBPIB form relatively highly reactive radicals
and hence show better mechanical properties and
correspondingly affect more the crystallization of
PP. As the concentration of peroxide increases, par-
ticle size decreases. However, mechanical proper-
ties of these TPVs are not good enough at high con-
centration, which is due to severe degradation in
the PP phase in presence of peroxide. From WAXS
data, there is no measurable shift in the peak posi-
tion suggesting no significant change in the crys-
tallinity pattern with the addition of EOC and also
by dynamic vulcanization, but the level of crys-
tallinity (% crystallinity) is affected by the same.
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