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Abstract

A series of well-defined poly(methylmethacrylate) (PMMA)-b-poly(alkylacrylate)-b-PMMA triblock copolymers (MAM) has been
synthesized by transalcoholysis of PMMA-b-poly(tert-butylacrylate)-b-PMMA precursors by alkyl alcohols. The molecular weight (MW)
of the outer PMMA blocks is in the 10,000-50,000 range, compared to 50,000-200,000 for the inner poly(alkylacrylate) block. Phase
separation, as studied in direct space by atomic force microscopy, is observed for all the investigated triblock copolymers, except for the
PMMA-b-poly(ethylacrylate)-b-PMMA and the PMMA-b-poly(n-propylacrylate)-b-PMMA triblocks of 10,000—-50,000—10,000 MW. The
ultimate tensile strength measured for the MAM triblocks is strongly dependent on the MW between chain entanglements for the central
block. The tensile behavior is however affected by the partial miscibility of the outer and inner blocks when the PMMA MW is low. When
this situation prevails, it makes the melt processing possible at temperatures lower than 200°C. © 2001 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Triblock copolymers consisting of outer polystyrene
blocks (PS) and inner rubbery polybutadiene (PB) or poly-
isoprene (PIP) block (SBS and SIPS) are very well-known
thermoplastic elastomers (TPEs). Their unique thermo-
mechanical properties are associated with the dispersion
of hard PS microdomains in a continuous rubbery matrix.
This physical network of flexible chains combines the
mechanical performances of vulcanized rubbers and the
straightforward processing of thermoplastics. The use of
diene-based TPEs is however limited by the poor oxidation
resistance of the unsaturated central block and the relatively
low service temperature (60—70°C) controlled by the glass
transition temperature of polystyrene. Accordingly, efforts
have been made to improve the performances of TPEs by
changing either the outer [1-5] or the inner [2,6] blocks.
Substitution of fully (meth)acrylate TPEs for the traditional
styrene-diene based materials is worth being considered
since merely changing the alkyl substituent of the ester
group allows a large range of properties to be covered. For
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instance, the glass transition temperature (7,) extends from
—50°C for poly(isooctylacrylate) up to 190°C for poly(iso-
bornylmethacrylate). Furthermore, immiscibility of alkyl
polymethacrylates and polyacrylates is the rule, although
some exceptions can be found in the cases of small alkyl
groups and low molecular weight (MW) [7]. The much
better resistance of poly(meth)acrylates to UV and oxi-
dation compared to polydienes is an additional advantage.

The advent of the ligated anionic polymerization of alkyl
(meth)acrylates has allowed for the controlled synthesis of
poly(methylmethacrylate) (PMMA)-b-poly(tert-butylacryl-
ate)-b-PMMA triblocks (MfBM), which are precursors of a
series of PMMA-b-poly(alkylacrylate)-b-PMMA copoly-
mers (MAM) as result of the selective transalcoholysis of
the fert-butyl groups of the central block by alkyl alcohols
(e.g. 2-ethylhexanol, n-butanol) [8]. The mechanical
properties of these MAM triblocks are however disappoint-
ing, i.e. o < 7.0 MPa and € < 350%. McGrath et al. have
also observed poor mechanical properties for the poly-
(methacrylic acid)-b-poly(2-ethylhexylmethacrylate)-b-
poly(methacrylic acid) triblock and the neutralized version
[9]. Yasuda et al. have prepared PMMA-b-poly(n-butyl-
acrylate)-b-PMMA (MnBM) and PMMA-b-poly(ethylacry-
late)-b-PMMA (MEM) triblocks by rare earth metal
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complexes catalyzed living polymerization [10]. Once
again, the mechanical properties of these materials are
poor compared to SBS, SIPS, and PMMA-poly(buta-
diene)-PMMA (MBM) triblocks [4,5]. The direct synthesis
of MAM triblock copolymers by controlled radical poly-
merization, e.g. MnBM triblocks [11], has not improved
significantly this situation (og < 10 MPa and € < 500%).
Several reasons could account for the poor mechanical prop-
erties of these fully (meth)acrylate triblocks, such as
(partial) miscibility of the blocks [12], sample preparation
by compression molding [8], too short outer blocks [9], and
poor control of the block copolymer structure [10,11].
Moreover, the rheological properties of the fully
(meth)acrylic triblocks have not been studied in detail,
although this issue is of prime importance for the melt
processing of these potential TPEs. All what we know is
that the average MW between chain entanglements (M,) for
the central block dominates the elastomeric properties,
whereas M, for the outer blocks is thought to have an
important effect on the rheological behavior of the MAM
triblocks [13].

This paper aims at comparing the morphology, the
dynamic mechanical properties, the tensile properties and
the flow behavior of MAM triblock copolymers, where the
central poly(alkylacrylate) block (A) is, respectively, poly-
(isooctylacrylate) (MIM series), poly(n-butylacrylate)
(MnBM series), poly(n-propylacrylate (MnPM series) and
poly(ethylacrylate) (MEM series). The morphology of
these copolymers has been investigated by atomic force
microscopy (AFM), using a procedure designed to image
microdomains of different mechanical properties. For this
purpose the AFM microscope was operated in the “tapping-
mode” and the amplitude and phase of the oscillating tip
were recorded simultaneously at each point of the surface,
with a lateral resolution of a few nanometers. This technique
provided a topographic image and a cartography of the
mechanical properties of the sample surface.

Usually, the dependence of the bulk morphology on the
composition of block copolymers is analyzed by scattering
techniques and transmission electron microscopy (TEM)
[14—-22]. However, in the case of fully (meth)acrylate
block copolymers, the lack of electronic contrast between
the poly(methylmethacrylate) and the poly(alkylacrylate)
blocks prevents nanometer scale phase-separated morph-
ology from being directly observed by either TEM or
small angle X-ray scattering (SAXS). AFM with phase
detection imaging thus appears as the unique technique
able to observe phase separation in the (meth)acrylic
block copolymers under consideration in this study. This
capability relies on the difference in modulus of the thermo-
plastic microdomains of PMMA and the rubbery phases of
poly(alkyl acrylate). It must be noted that, in the case of
block copolymers with a sufficiently high electronic
contrast, the phase morphology observed by AFM (e.g.
spheres, cylinders, or lamellae) was quite representative of
the bulk morphology [23-25].

2. Experimental part
2.1. Materials

THF and toluene were purified by refluxing over the deep
purple sodium—benzophenone complex. Methylmethacryl-
ate (MMA) and fert-butylacrylate (fBA) (Aldrich) were
refluxed over CaH,, vacuum distilled, and stored under
nitrogen at —20°C. Before polymerization, they were
added with 10 wt% AIEt; solution in hexane until a persist-
ent yellowish green color was observed, and distilled under
reduced pressure just prior to use (fBA was diluted by the
same volume of toluene before distillation). Sec-Butyl-
lithium (s-BuLi) (Aldrich, 1.3 M solution in cyclohexane)
was diluted by cyclohexane (ca 0.25 N). 1,1-diphenylethyl-
ene (DPE, Aldrich) was vacuum distilled over s-BuLi and
diluted by toluene (ca. 0.3 N). Isooctyl alcohol, n-butanol,
n-propanol, and ethanol (99%) were used as received. LiCl
(99.99%, Aldrich) was dried under vacuum at 130°C.

2.2. Synthesis of the MtBM precursors

A known amount of LiCl was added to a glass reactor that
was flamed under vacuum and purged with nitrogen. THF
and 1,1-diphenylethylene (DPE) were transferred into
the glass reactor through rubbery septa and stainless steel
capillaries or syringes. Three-fold molar excess DPE and
five-fold molar excess LiCl were used with respect to the
initiator (s-BuLi). The initiator solution was then added
dropwise until a red color persisted, followed by the desired
amount of initiator. The solution was cooled down to —78°C
and added with the required amount of MMA. The poly-
merization was conducted at —78°C for 1 h. Upon MMA
addition, the deep red color of the initiator immediately
disappeared, indicating an instantaneous initiation. The
sequential addition and polymerization of tBA and MMA
were carried out under the same experimental conditions.
The copolymerization product was quenched by degassed
methanol and the final solution was concentrated before
being precipitated into an excess of 90/10 (v/v) methanol/
water mixture under stirring. The crude copolymer was
dried under vacuum at 60—80°C overnight.

2.3. Preparation of the MAM block copolymers

The best conditions for the transalcoholysis of the tBA
units of MfBM copolymers consisted in dissolving the
copolymer in an excess of alkyl alcohol in the presence of
p-toluenesulfonic acid (PTSA; 10 mol% with respect to the
tBA units). After reflux at 100—150°C (depending on the
boiling point of the alcohols) for 48 h, the copolymer was
recovered by precipitation in methanol (in the case of MIM
and MnBM) or in water (in the case of MnPM and MEM)
and dried under vacuum at 80°C overnight.

Table 1 lists the MAM triblocks that were synthesized.
M,, M,/M,, and composition were determined by size
exclusion chromatography (SEC) and NMR.
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Table 1
Molecular characteristics of the MAM triblocks analyzed in this study

Sample code  Alkylacrylate M, (X 1073 MM, wt% PMMA

11 Isooctyl 10-50-10 1.08 28.6
12 Isooctyl 20-140-20 1.04 222
13 Isooctyl 20-70-20 1.08 36.4
14 Isooctyl 30-140-30 1.07 30.0
15 Isooctyl 50-140-50 1.07 41.7
Bl n-Butyl 10-50-10 1.08 28.6
B2 n-Butyl 15-100-15 1.08 23.1
B3 n-Butyl 20-100-20 1.06 28.6
B4 n-Butyl 30-150-30 1.05 28.6
B5 n-Butyl 30-100-30 1.13 37.5
B6 n-Butyl 40-210-40 1.07 27.6
B7 n-Butyl 50-100-50 1.05 50.0
P1 n-Propyl 10-50-10 1.09 28.6
P2 n-Propyl 20-90-20 1.06 30.8
P3 n-Propyl 20-150-20 1.05 21.1
P4 n-Propyl 40-195-40 1.07 29.1
El Ethyl 10-50-10 1.09 28.6
E2 Ethyl 20-80-20 1.06 333
E3 Ethyl 20-135-20 1.05 22.8
E4 Ethyl 30-110-30 1.05 353
ES Ethyl 40-170-40 1.07 32

2.4. Sample preparation

For mechanical and rheological measurements, the films
were prepared by casting a copolymer solution in toluene
(8 wt%; 160 ml) in 100 mm diameter polyethylene dish.
The solvent was let to evaporate over 3—4 days at room
temperature. The films were dried to constant weight in a
vacuum oven at 80°C for 1 day. They were colorless, trans-
parent and elastomeric with a smooth surface. In view of the
AFM analysis, dilute solutions of the triblock copolymers in
toluene (2 mg/ml) were cast onto mica. The solvent was let
to evaporate very slowly for a few days, the system being
sheltered from dust anytime. The films were further
annealed at 140°C under high vacuum (1077T) for 24 h.
The final film thickness was ca. 500 nm.

2.5. AFM imaging

All the AFM images were recorded with a Nanoscope II1
microscope from Digital Instruments Inc. operated at room
temperature in the Tapping Mode [26] in air. Micro-
fabricated cantilevers with a spring constant of 30 Nm ™'
were used. The instrument was equipped with the
Extender™ Electronics Module to provide simultaneously
height and phase cartography. Since the absolute phase
contrast strongly depends on the experimental parameters
(tip shape, drive amplitude, amplitude set-point), the best
contrast was searched for so that the working parameters
were not the same for all the samples. Therefore, apparent
differences in the phase contrast of the AFM pictures have no
reliable meaning here. Images were recorded from different
area of each sample, and the time for scanning was ca.
5 min. All the images were collected with the maximum

available number of pixels (512) in each direction. For
image analysis, the Nanoscope image processing software
was used.

2.6. Rheological measurements

The RSI ARES rheometer equipped with a force balance
transducer was used, with, either the cone-plate geometry
(plate: 25 mm diameter; cone: 4° angle; gap: 56 pm
between the cone tip and the plate) for the poly(alkylacryl-
ate)s or the parallel plate geometry (25 mm diameter) for the
triblocks. The dynamic storage and loss moduli, G’ and G”,
were measured as function of angular frequency at various
temperatures. The temperature control was better than 1°C.
The applied strain was kept within the linear viscoelastic
regime, whatever the temperature. The Polymer Laboratory
DMTA (parallel plate with 7 mm diameter) was used to
conduct temperature sweep experiments at 1 Hz (heating
rate: 2°C/min).

2.7. Tensile tests

Mechanical properties were measured with an Adamel
Lhomargy tensile tester. Microdumbells were cut from
solution cast films and extended at 100 mm/min at room
temperature. Strain was measured from the crosshead
displacement. Sample thickness and width were 1.5 and
4 mm, respectively. At least three independent measure-
ments were recorded for each sample.

3. Results and discussion
3.1. Structure and morphology

The prerequisite for A—B—A triblock copolymers to be
TPE:s is that the self-assembly of the copolymer chains leads
to the formation of thermoplastic microdomains of A
dispersed in the rubbery matrix of B. The formation of
this physical network however depends strongly on the
phase separation, and thus on the immiscibility of the
constitutive blocks A and B. As pointed out in the Introduc-
tion, the electronic contrast between the constitutive
(meth)acrylic blocks of the copolymers investigated in this
study is too low for the nanophase-separated morphology to
be directly observed by TEM and SAXS, as is usually the
case. Therefore, the best strategy is to analyze the phase
morphology by combining AFM and dynamic mechanical
analysis (DMA). In the case of PMMA —poly(alkylacryl-
ate)-PMMA copolymers, the immiscibility can be esti-
mated from the polymer—polymer interaction parameter,
x [27], for the PMMA/poly(alkylacrylate) pair.

It is predicted to decrease as the alkyl group is changed in
the order of isooctyl > n-butyl > n-propyl or ethyl [28], so
that the miscibility of PMMA with the poly(alkylacrylates)
should increase in the same direction. Previous observations
have shown that the phase separation of the PMMA—-PIOA -
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Fig. 1. 2 x 2 um? tapping-mode AFM images: topographic (a; vertical grayscale: 30 nm) and phase (b) images of MIM sample 15; phase images of MnBM
sample B4 (c), MnPM sample P3 (d), MEM sample E3 (e), and MnPM sample P1 (f).

PMMA triblocks (MIM) is sharp (e.g. T, of PIOA is
independent of the PMMA content and MW), to the point
where the “sphere in a matrix” morphology is observed with
AFM even when PMMA MW is as low as 3500 (PIOA
MW:100,000) [13].

It has been recently shown that the phase of the oscillat-
ing cantilever in tapping-mode AFM strongly depends on
the tip-sample interaction so that it can be used to discriminate
constitutive components of multiphase polymeric materials

[29-31]. Indeed, when the amplitude of the oscillation is
only slightly reduced (i.e. by less than 20%) upon contact
with the surface, the phase of the cantilever can then be
related to the elastic modulus of the probed area [32]. There-
fore, the observation of at least two regions with different
phase signals on the AFM images of block copolymers is
clear indication of microphase separation.

Fig. 1 shows a series of AFM images observed for
triblock copolymers listed in Table 1. It must be noted
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Fig. 1. (continued)

that either cylindrical or lamellar phase morphology should
be predicted for all these copolymers on the basis of their
composition. As a rule, the topographic images are almost
featureless, which indicates that the film surface is smooth
(over 2 X 2 wm? area, the roughness does not exceed a few
nanometers). A typical example is shown in Fig. 1a for the
MIM sample I5. In sharp contrast, the phase image for the
same sample (Fig. 1b) is highly textured, consisting of a

complex pattern of bright and dark elongated objects.
This pattern is interpreted as the interpenetrated assembly
of PMMA and PIA lamellae, consistently with the afore-
mentioned copolymer composition. As previously
explained, the brighter areas that correspond to larger
phase values, are typical of component of higher modulus,
i.e. PMMA, whereas the darker areas are the signature of the
softer component (polyisooctylacrylate in this case). It must
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also be noted that the phase image is not reminiscent at all of
the topographic profile. It is fully dominated by the local
contrast in the mechanical properties, being accordingly
clear evidence for microphase separation in this bulk
triblock copolymer.

The systematic AFM analysis of the samples listed in
Table 1 has confirmed, in most the cases, a microdomain
morphology consistently with the expectation based on the
copolymer composition [33]. For instance, Fig. 1c shows
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Fig. 1. (continued)

the morphology for the 30,000—150,000—-30,000 MrnBM
copolymer (sample B4). Bright dots and bright elongated
objects coexist in a darker continuous matrix. This obser-
vation is thought to originate from PMMA cylinders (bright
areas), within the poly(n-butylacrylate) matrix either stand-
ing perpendicular or lying parallel to the surface. That the
diameter of the dots is identical to the width of the flat
cylinders (19 +/—1nm) is in line with this hypothesis.
As explained in a previous paper [34], the most stable
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arrangement of the PMMA cylinders is perpendicular to the
surface, in agreement with the higher surface energy of
PMMA compared to poly(alkylacrylate) [28]. The system
tends indeed to organize itself so as to minimize the amount
of PMMA at the surface, thus by exposing only the apex of
the PMMA cylinders. In Fig. 1c, the sample has more likely
not reached the thermodynamic equilibrium, since flat
cylinders are still visible on the surface and the ratio of
standing/flat cylinders tends to increase upon annealing. A
similar situation is shown by Fig. 1d for the 20,000-
150,000—-20,000 MnPM copolymer (sample P3). However,
the standing cylinders outnumber the flat counterparts and
the perpendicular cylinders locally appear to self-organize
according to a hexagonal-close-packed lattice, as theoreti-
cally predicted [33] and observed in the bulk of other block
copolymers [14-22]. It must be reminded that the phase
morphology of the block copolymers under consideration
cannot be analyzed by the “classical” techniques of TEM
and small-angle X-ray scattering, because of the very small
contrast in the electron density of the constituents and the
lack of selective staining agents. AFM is thus the best if not
the only method which can be dedicated to the analysis of
the morphology of fully (meth)acrylate block copolymers.

The image of Fig. le is characteristic of the MEM sample
E3 (20,000-135,000-20,000). The AFM picture clearly
shows a lamellar morphology. The hypothesis of assembly
of cylinders all lying flat on the surface is not reasonable,
since the morphology remains unchanged upon extended
annealing. Moreover, according to our experience, “bifur-
cations” (“three-way crossroads” as observed in this picture)
are only observed in lamellar organization and not in
assemblies of flat cylinders (see Fig. 1c and d). The forma-
tion of alternating PMMA and PEA lamellae in sample E3 is
somehow surprising, for a highly asymmetric composition.
The PMMA/PEA wt. ratio of ca. 23:77 is indeed expected to
generate a cylindrical morphology. This apparent contra-
diction is under current investigation.

The major conclusion from Fig. le is that microphase
separation can actually occur, even when the chemical
structure of the blocks is very similar (MMA and ethylacryl-
ate are isomers). However, for lower MWs (samples E1 and
E2), the AFM phase images are completely featureless,
indicating the absence of microphase separation. This is
also the case for the 10,000-50,000—10,000 M»nPM copoly-
mer (sample P1; Fig. 1f), whereas the MIM and MnBM
copolymers all show microphase separation, independently
of their MW. This observation is consistent with the increas-
ing misciblity of blocks of more similar structure (i.e. when
the alkyl group gets shorter) and lower MW. Based on
the AFM observations, samples E1, E2, and P1 should not
typically behave as TPE’s, in contrast to all the other
copolymers analyzed in this study.

The main conclusions about the miscibility of the poly-
(meth)acrylate blocks based on AFM have been confirmed
by DMA. For instance, Fig. 2 shows that T, (at maximum
tan §) for PMMA increases (from 116 to 138°C) and T, of
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Fig. 2. Temperature dependence of tan 8 and G’ for the B2, B3 and B7
samples of the MnBM series (Table 1).

PnBA decreases (from —38 to —42°C) when the content
(and thus MW) of PMMA is increased in the MnBM series
(samples B2, B3, B7). This observation is consistent with
some partial miscibility of PMMA and PnBA, which
decreases when the length of PMMA is increased, the
MW of PnBA being kept unchanged. Fig. 3 compares the
temperature dependence of tan 6 for two MnPM samples
(P1 and P3; Table 1). When the PMMA MW is 20,000
(sample P3), two T,s are observed at —25°C (for the
PnPA block) and at 110°C (for the PMMA blocks), which
is the signature of a phase-separated structure. The PMMA
glass transition peak is however rather broad (broader
compared to the parent MIM and MnBM triblocks), which
more likely indicates some miscibility of the two blocks. A
decrease of the PMMA MW from 20,000 to 10,000 (sample

1.0

08 +

0.6 I

Tans

0.2 +

00 50 0 50 100 150 200 250
Temperature (°C)

Fig. 3. Temperature dependence of tan é for the P1 and P3 samples of the
MnPM series (Table 1).
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Fig. 4. Temperature dependence of tan 6 for the E1 and E3 samples of the
MEM series (Table 1).

P1) results in a quasi-continuous transition from ca. —20 to
90°C, which emphasizes a high degree of miscibility of the
PMMA and the PrnPA blocks. This increase in miscibility
facilitates the relaxation of the individual copolymer chains
[35-37], keeping tan & high in a large temperature range.
Fig. 4 is a comparison of the tan d—temperature curves for
two MEM samples (E1 and E3; Table 1) of molecular struc-
ture quite comparable to the MnPM samples analyzed in
Fig. 3. Although the E3 sample (PMMA block of 20,000
MW) shows essentially the same curve as the MnBM (B3)
and MnPM (P3) analogues, i.e. two separate 7,8 character-
istic of the hard PMMA block and the soft poly(alkylacryl-
ate) block, respectively, only one very broad transition (— 10
to 90°C) with a maximum at ca. 40°C is observed when the
PMMA length is decreased by a factor of two (E1 sample).
Thus, within the detection limits of DMTA, no phase
separation is detected when two short-length PMMA blocks
(10,000 MW) are combined with poly(ethylacrylate)
(50,000 MW; sample El, in Fig. 4) in contrast to what
happens when the central block is poly(n-propylacrylate)
(sample P1, in Fig. 3), a partial miscibility being then
observed. These conclusions are in qualitative agreement
with the AFM observations. When the central block of the
MAM triblocks is changed, not only the miscibility of
the two blocks is modified, but also T, of the rubbery
block and the modulus of the rubbery plateau. Fig. 5
compares the temperature dependence of the storage modu-
lus for a series of MAM triblocks (12, B2, P3, and E3; Table
1) of quite similar composition (ca. 22-23 wt% PMMA)
and phase morphology. Expectedly, G’ at the end of the
glassy plateau decreases from —40°C for the MIM and
MnBM triblocks, to —25°C and 5°C for the MnPM, and
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Fig. 5. Temperature dependence of storage modulus, G, for the 12, B2, P3
and E3 samples (Table 1). The PMMA wt% is ca. 22—23% for each sample.

MEM triblocks, respectively. The most important difference
has to be found in the modulus of the rubbery plateau, which
increases when the size of the alkyl ester group of the mid-
block is decreased (from isooctyl to ethyl), thus with the
average MW between the chain entanglements of this block.

3.2. Tensile properties

According to reports on PS-b-B-b-PS (SBS) and PS-b-
PIP-b-PS (SIPS) triblock copolymers, the ultimate tensile
strength and elongation at break are as high as 30 MPa and
800%, respectively [38]. The high performances of these
materials compared to the unreinforced vulcanizates of
SBR rubbers are explained by the reinforcement of the
rubber by the hard polystyrene microdomains and by the
slippage of the entangled rubbery chains which contributes
to delay the ductile failure of the PS microdomains [38—40].
We have previously reported that the mechanical properties
of MIM and MnBM triblocks are usually poor when
compared to the traditional diene-based TPEs [13]. This
disappointing observation was tentatively explained by the
partial miscibility of the PMMA and PIOA (PnBA) blocks
particularly when the PMMA MW and content are low (i.e.
20 K, 10%). The most reasonable explanation was however
found in the average MW between chain entanglements, M.,
which is much higher for poly(alkylacrylates) than for poly-
dienes. This explanation found support in the initial tensile
behavior of MIM triblock (7000—100,000—7000) which is
properly accounted for by the classical theory of rubber
elasticity [41] and not by the “rubber + filler” model [42],
which actually fits the behavior of the styrene-diene TPEs
[38]. It must be concluded that the PIOA central blocks



J.D. Tong et al. / Polymer 42 (2001) 3503-3514 3511

Table 2
Average MW between chain entanglements (M,) for a series of polymers

Polymer M.

Polybutadiene [38] 1700
Polyisoprene [38] 6100
Poly(ethylacrylate) 11,000
Poly(n-propylacrylate) 16,000
Poly(n-butylacrylate) 28,000
Poly(isooctylacrylate) 59,000

of MIM triblocks are essentially not entangled and that the
ultimate tensile strength of MAM triblocks should increase
as the length of the alkyl group of the polyacrylate mid-
block is decreased, since M, is then decreasing (Table 2).
M. for the poly(alkylacrylate)s has actually been calculated
from Eq. (3) [43-46]:

M, = pRT/GY 3)

where G;%z G’ (tan 8 — min) is the shear modulus in the
plateau region, p the polymer density, R the gas constant
and T the temperature.

In addition to M, for the poly(alkylacrylate)s, Table 2 also
lists M, for PB and PIP. Table 3 reports the mechanical
properties for the four series of MAM triblocks. The highest
ultimate tensile strength for each series (i.e. ca. 12 MPa for
MIM; 16 MPa for MnBM; 17.5 MPa for MnPM; and
24 MPa for MEM) actually increases inversely proportional
to M. for the poly(alkylacrylate) mid-block. These data
confim the key role of M, of the mid-rubbery block in the
control of the ultimate mechanical properties of triblock
type TPEs. Although substitution of poly(ethylacrylate)
for poly (isooctylacrylate) results in improved mechanical

Table 3
Mechanical properties of MAM triblock copolymers

performances (comparison of e.g. ES and I5 samples in
Table 3), the performances of the triblocks of the MEM
series are far from being as good as the classical SIPS of
comparable composition. Fig. 6 shows the stress—strain
curve characteristic of each series of MAM triblocks,
(comparable PMMA MW (15-20,000) and content
(22%)), and Fig. 7 is typical of SIPS containing 20 wt%
PS [40]. The very well-defined and extended rubbery
plateau (Fig. 7) exhibited by the SIPS copolymer
(M, = 6100 and T, = —70°C for PIP) is no longer observed
for copolymers of the MAM series (Fig. 6). From that point
of view, the copolymer E3 of the MEM series is apparently
the worst (Fig. 6). In fact, Fig. 5 shows that E3 is at the end
of the glass transition and not yet in the rubbery plateau at
25°C. A decrease in the MW of the PMMA block (from
20,000 to 10,000) is enough to restore a situation closer to
the expected one when the effect of the mid-poly(alkylacryl-
ate) block is considered (Fig. 8). It is thus clear that no
poly(alkylacrylate) is valuable alternative for PIP, because
of inappropriate balance of M, and T,. Indeed, the desirable
decrease of M, results in higher 7, in the poly (alkylacrylate)
series.

3.3. Rheological properties

We have previously reported that MIM and MrnBM
triblocks behave as “vulcanized” elastomers rather than as
thermoplastic elastomers beyond T, of the PMMA micro-
domains [34], except if the PMMA MW is as low as 5000
for MIM and 8000 for MnBM. This is an additional differ-
ence with the traditional SBS and SIPS TPEs of comparable
molecular structure [47]. Fig. 9a shows, as an example, the
typical non-Newtonian behavior of the Il sample in the

Sample code Ultimate tensile strength (MPa)

Elongation at break (%)

Initial modulus (MPa)

I1 6.5 320
12 7.1 480
I3 11.5 350
14 11.9 440
15 11.8 285
B1 12.5 540
B2 12.3 720
B3 14.7 610
B4 15.0 700
B5 15.2 380
B6 15.2 700
B7 16.1 230
P1 14.0 660
P2 14.5 600
P3 15.2 680
P4 17.5 650
El 9.6 540
E2 18.5 350
E3 16.4 390
E4 232 280

E5 23.8 350

5

2
96
42
91
15
7
31
25
180
26
570
23
11
9
30
12
79
26
181
160
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20

Tensile strength (MPa)

0 200 400 600 800
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Fig. 6. Tensile curves for the 12, B2, P3 and E3 samples, that contain ca.
22-23 wt% PMMA.

150-200°C temperature range, thus well beyond 7, of
PMMA. This behavior indicates that the domain (ordered)
structure of the MIM triblock persists at these high tempera-
tures. This ordered structure is however transformed into
disordered (homogeneous) structure when the temperature
exceeds a critical value, known as the order—disorder tran-
sition temperature (Topt) [48—52]. At or at least near Topr,
there is transition from non-Newtonian behavior to New-
tonian flow. Fig. 9 compares the frequency dependence of
the complex viscosity at different temperatures for a series
of MAM (11, B1, P1, and E1 of the same molecular struc-
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Fig. 7. Tensile curve for the SIPS triblock of 14,000-112,000—14,000.
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Fig. 8. Tensile curves for the 11, B1, P1 and El samples of the same
molecular structure (10,000-50,000—10,000).

ture). Although the typical non-Newtonian behavior is
observed for MIM in the whole frequency and temperature
ranges investigated in this study, the situation considerably
changes when the PIOA block is replaced by PnBA
(Fig. 9b), PnPA (Fig. 9c) and PEA (Fig. 9d), respectively.
For instance, the flow is Newtonian at 190°C (from 1 to
10 Hz) for the P1 and E1 samples in sharp contrast to the
B1 and I1 analogues which are typically non-Newtonian.

Bates et al. [53] and Han et al. [54] have recently shown
that rheological data can be used to determine the order—
disorder transition temperature of block copolymers.
Although the methods proposed by these authors differ to
some extent, the basic idea is that the rheological properties
of the block copolymer must change dramatically at Topr.
Table 4 lists the Topr determined by the Han’s method for
comparable MAM triblocks (examples of determination
were reported elsewhere [13]). This transition occurs at
170°C in the case of central poly(alkyl acrylate) block
with short alkyl substituents (ethyl and n-propyl), although
it exceeds 200°C for longer alkyl groups (n-butyl and iso-
octyl). So, as the degree of miscibility of PMMA with poly-
(alkylacrylate)s increases (see Figs. 2—4 and related
comments), the stability of the two-phase structure in the
melt decreases and so does Topr.

4. Conclusions

A series of poly(methylmethacrylate) (MMA)-b-poly-
(alkylacrylate)-b-PMMA triblock copolymers (MAM) has
been prepared by selective transalcoholysis of the central
block of PMMA-b-poly(tert-butylacrylate) (PtBA)-b-
PMMA precursors by alkyl alcohols. Solution cast films
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. 9. Plots of complex viscosity vs. angular frequency at different temperatures for: (a) I1; (b) B1; (c) P1 and (d) E1 (Table 1).

MAM Topr (°C)
I1 > 200
Bl > 200
P1 170
El 170

of MAM triblocks have been characterized by AFM,
dynamic and static mechanical analysis. Although phase
separation is complete for all the investigated MIM and
MnBM copolymers, it is adversely influenced by the partial
miscibility of the constitutive blocks in the case of MnPM
and MEM copolymers. For instance, the low MW MEM
sample (10,000-50,000—10,000) shows only one intermedi-
ate T,. In case of complete phase separation (PMMA MW
higher than 20,000), the ultimate tensile strength of MAM
triblocks is found to increase as the size of the alkyl ester
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group is decreased. The M, for the central block is at the
origin of this behavior. Whatever the central poly(alkyl-
acrylate) block, the mechanical performances of the MAM
triblocks are lower than those ones of traditional SIPS
thermoplastic elastomers. The reason is that although M,
and 7, of the central block should be as low as possible,
these two parameters are changed in the opposite direction
when the alkyl substituent of poly(alkylacrylate)s is
changed. The rheological behavior, and thus the processing
conditions, are influenced by the partial miscibility of the
two blocks of the MAM triblocks. If the immiscibility is
complete (MIM and MnBM), the triblocks behave as
“vulcanized” elastomers, the complex viscosity remaining
non-newtonian far above T, of the hard microdomains. The
order—disorder transition is then higher than 200°C. It
however decreases down to 170°C when the PEA and
PnPA mid-blocks show some partial miscibility with
PMMA.
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