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ABSTRACT: Novel “all-acrylate” block copolymers have been synthesized by ATRP with a simple and cost-
effective one-pot-two-step process. The-B), copolymers are composed of an elastomer segment RAZEHA-

co-MA) = poly(2-ethylhexyl acrylateo-methyl acrylate)) and a thermoplastic segment {BPMMA =
poly(methyl methacrylate)). To study the relationship between the molecular architecture and the mechanical
properties, a four-arm radial block copolymer<B), is compared to the linear diblock (8); and symmetric
triblock (A—B), and compounds of similar composition. Atomic force microscopy (AFM) shows that all block
copolymers present a well-defined microphase separation, which is confirmed by the observation of two glass
transitions in DSC. Thermomechanical data from viscoelastic, indentation, and tensile measurements are discussed
in terms of the structural characteristics of the copolymers. The increase in the complexity of the molecular
structure results in an enhanced elastic response, and the-stiedés curves confirm the strengthening effect

with increasing molecular connectivity (radial linear triblock) and end-block length.

I. Introduction junction between the blocks restricts the process to local
segregation, i.e., on the scale of the chain length, leading to

Among the recent methods to control radical polymerizations > .
microphase-separated morphologies.

(CRP), atom transfer radical polymerization (ATRP) has the
potential to contribute to the need of new synthetic materials  Direct synthesis of linear polymethacrylatéck-polyacry-
with improved properties for high-end applicationBecause  late-blockpolymethacrylate copolymers using ATRP is well-
of the versatility of ATRP, a wide range of polymer and (co)- documented in the literatufeRecently, copolymers with radial
polymers with complex compositions and architectures are now architectures have gained much interest in academia and industry
within reach? In this context, pressure-sensitive adhesives (PSA) as a result of their attractive properties in terms of viscosity,
can be regarded as a typical application that could benefit from degree of chain end functionality, processability, and mechanical
controlled radical polymerization of (meth)acrylates. Recently, performance, in comparison to their linear counterpaifthe
however, it has been shown that for common polyacrylate preparation of radial polymers and block copolymers by ATRP
compositions used in PSA’s, narrow molecular mass distribu- has been reported by a few research groups and can be
tions inherent to CRP do not lead to enhanced PSA perfor- categorized along two approaches: (i) In the “arm-first”’
mances due to the narrow Deborah window and the absence ofapproach, linear “living” arms are reacted with multifunctional
strain hardening in elongatignAlternatively, one can exploit ~ monomers, which upon coupling generate a microgel core
another key feature of ATRP, i.e., the possibility to produce structure. However, very long reaction times are usually needed
block copolymers. “All-acrylate” block copolymers prepared to couple the multifunctional monomers. In addition, purification
by different CRP processes have already been described ands usually required to remove the unreacted linear chi&i(ig.
compared to the well-known styrenic block copolymers (SBC’s) In contrast, the “core-first” strategy relies on the use of well-
used in adhesive applicatiofist has been argued that the use defined multifunctional initiators, from which chain growth takes
of (meth)acrylic building blocks provides better weather resis- place!!
tance in comparison to the unsaturated segments in SBC's and, | poth cases, two steps are necessary to obtain the desired
in addition, also improves adhesi6h. _ block copolymer. The one-pot synthesis of linear (meth)acrylic
An essential aspect of block copolymers with respect to pjock copolymers using a sequential monomer addition method
adhesive formulation and PSA tailoring is the ability to generate a5 first reported by Matyjaszews¥iHere, the reaction still
well-defined microphase-separated structures for the Se|eCtiVeproceeds following a two-step mechanism, but there is no
mixing of additives, such as tackifying resins, into the rubbery jntermediate purification. Although this is a simple approach
elastomeric matri. The microscopic morphology of block 5 the synthesis of block copolymers, the characterization of
copolymers plays a critical role in the mechanical properties of {nese copolymers has revealed significant deviation in terms of
these materialsWhen the separation of unlike segments in 8 mojecular dispersity, as compared to the materials obtained from
block copolymer is driven by a net repulsion, the chemical g pyrified macroinitiator. Mechanical and rheological studies
have also evidenced rather large discrepancies between the two
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Table 1. Description of the Block Copolymers

sample copolymer type
(50—-10) linear diblock
(50—10) linear triblock
(50—10) 4-arm radial block
(50—20) 4-arm radial block

aThe molecular weights (in kg mot) of the segments expressed as
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bromide (98%, Aldrich)N,N,N,N',N"-pentamethyldiethylene-tri-
amine (PMDETA; 99%, Aldrich), ethyl-2-bromoisobutyrate (initator
1: 98%, Aldrich), diethylmese2,5-dibromoadipate (initiatoP:
98%, Aldrich), and other reagents were commercially available and
used without further treatment.

Chemical AnalysisMonomer conversion was determined by a
Perkin-Elmer gas chromatograph (GC) equipped with a FID detector
using a 30 m capillary column. Dodecane was used as an internal

(A—B), are the expected values. The actual values are discussed in thestandard. The number-averagath) and the weight-averageMy,)

Results Section.

Scheme 1. Sketch of the Block Copolymer Structures
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This paper reports on a study of the supramolecular ordering

and the mechanical properties, as a function of composition and

molecular structure, for new ATRP-derived linear and radial
block copolymers prepared with a simple and cost-effective one-
pot process. The primary goal of this work is a comparison
between copolymers with similar composition but different chain
architectures?® The structures of the block copolymers inves-

molecular weight as well as the polydispersity indik,(M,) were
determined by size exclusion chromatography (SEC) using a
Merck—Hitachi instrument (Rl detector HP 1047A, Polymer
Laboratories) in THF at 40C at a flow rate of 1 mL min?.
Calibration was established with polystyrene standards (Polymer
Laboratories). The copolymers exhibit compositional polydispersity
and, hence, the polydispersity index values obtained from the
chromatograms are merely approximations.

High-resolution proton-1 and carbon-13 NMR spectra were
recorded on a Bruker Avance 300-DPX300 spectrometer in @DCI
at room temperature.

Polymerization Initiators.The chemical structure of the three
initiators is depicted in Scheme 2. Note that the functiondliby
the initiators1, 2, and 3 is 1, 2, and 4, respectively. Whereas
initiators 1 and2 were used as supplied, initiat8i(pentaerythritol
tetrakis(2-bromoisobutyrate)) was synthesized according to Maty-
jaszewski et al® Initiator 3 was characterized as follows: Yield:
62%; IH NMR, o: 1.90 (s, 24H, C(Br-CH3), 4.35 (s, 8H,
C—CH,—0) ppm; 13C NMR, ¢: 31.1 (C(Br)-CHs), 43.6 C—
CH,—0), 54.8 C(Br)—CHg), 62.7 (C-CH,—0), 170.7 (G-C=

ppm.

Polymerizations. Synthesis of Linear and Radial Random
CopolymersLinear and radial P(2EHA©-MA) elastomers were
synthesized using ATRP. The procedure was typically as follows.
First, CuBr and the initiatorl, 2, or 3) were purged three times
with nitrogen gas cycles in a 100 mL Schlenk flask. Next, a

tigated here are presented in Table 1. The block copolymersdegassed mixture of 2EHA, MA, dodecane, and toluene was

are denoted as (AB),, where A and B represent the elastomer
segment (A= P(2EHA-co-MA) = poly(2-ethylhexyl acrylate
co-methyl acrylate)) and the thermoplastic segment B
PMMA = poly(methyl methacrylate)), respectively. The index
n relates to the structural arrangement, ire=s 1, 2, and 4 for

a linear diblock, a linear triblock, and a four-arm radial block
structure, respectively (cf. Scheme 1). The compositions of the

transferred to the flask and then degassed PMDETA was added.
Approximately 0.2 mL of solution was removed for analysis, and
the flask was then placed in an oil bath at®@while stirring. To
follow the extent of the polymerization, samples were withdrawn
from the reaction vessel at different time intervals for the deter-
mination of monomer conversion by GC and molecular weight
growth by SEC. After synthesis, the polymer was diluted with
toluene, filtered through a basic alumina column to remove the

copolymers were selected in the prospect of their final use ascatalyst, and finally dried in vacuum at 88 for 12 h.

PSA. Generally, 2-ethylhexyl acrylate (2EHA) is considered as

Synthesis of Linear and Radial Block Copolyméitse first step

the main monomer, which usually accounts for more than 50% of the synthesis was similar to the procedure described before for
of the overall composition. Methyl acrylate (MA) was intro- the P(2EHAeo-MA) elastomers. Upon conversion of 2EHA and
duced as a regulating monomer for the adjustment of the glass-MA over 90%, deoxygenated MMA was added to the flask. The
transition temperature. Throughout the study, the composition Polymerization of the second step was subsequently run until more
of the soft elastomeric segment was held constant at a 70/30than 90% of MMA was consumed. Finally, the polymer was diluted

2EHA/MA ratio expressed as mass fraction. For the thermo-
plastic segments, methyl methacrylate (MMA) was used in order
to promote phase separation, which is further controlled by the

in toluene, filtered through a basic alumina column to remove the
catalyst, precipitated in methanol, filtered, and dried in vacuum at
85 °C for 12 h.

B. Thermal and Mechanical Analysis.Film Preparation.Films

molar mass of the respective blocks. The selected units wereygre prepared by casting a copolymer solutisnl& mg mL, in

finally composed o~ 50 kg mol! P(2EHA<0-MA)) and ~

10 kg mol! PMMA for the elastomer and thermoplastic
sections, respectively. The length of the PMMA segments in
the arms of the radial copolymer was also varied by preparing
the radial (56-20), compound. The phase-separated morphol-
ogy, as evidenced by differential scanning calorimetry (DSC)
and imaged by atomic force microscopy (AFM), is related to
the mechanical properties measured with thermomechanica
analysis (TMA), dynamical mechanical analysis (DMA), and
tensile experiments.

Il. Experimental Section

A. Copolymer Synthesis and Chemical Characterization.
Materials. Pentaerythritol (99%, Aldrich), 2-bromoisobutyryl

toluene) in an aluminum dish covered with a silicone paper. The
solvent was evaporated for 24 h at room temperature, and the
samples were subsequently dried at 2@0for approximately 2 h

in order to remove any solvent traces. The film thickness was
typically in the 306-500 #m range.

Differential Scanning Calorimetry (DSCDSC curves were
measured with a DSC Q10 (TA Instruments) at a linear heating
rate of 20°C/min. The sample mass wasl0 mg.

Thermomechanical Analysis (TMA'"hermomechanical analysis
was conducted in static penetration mode using a flat-ended
indentation rod (radius= 1.27 mm) under a static normal load of
0.5 N. TMA data were recorded with a 2940 thermomechanical
analyzer (TA Instruments) at a heating rate of°CJmin.

Dynamical Mechanical Analysis (DMABelow room temper-
ature, the linear viscoelastic properties were obtained by dynamical
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Scheme 2. Chemical Structure of the Three Types of Initiator
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mechanical analysis in tensile deformation using a 2980 dynamic 140°C, i.e., above the glass-transition temperature of the thermo-
mechanical analyzer (TA Instruments). A strain oscillation with plastic segments (PMMA), under high vacuum (10orr) for

an amplitude of 0.1% was applied at a frequency of 1 Hz. For the 24 h.

temperature range from 30 to 180, DMA data were recorded in AFM Measurementslhe AFM measurements were performed
oscillatory shear with a Paar-Physica UDS200 rheometer equippedin “tapping mode” (TMAFM). In this mode, the cantilever holding
with an electrically heated convection system. A parallel plate the probe tip oscillates close to the resonance frequency (ca. 300
configuration (upper plate diameter 25 mm) was used, and the  kHz) above the sample surface so that the tip is in intermittent
strain oscillation was maintained at a frequency of 1 Hz with an contact with the surface at the lower end of the oscillation. This

amplitude of 1%. The temperature scanning rate was/gin for method minimizes the amount of energy transferred from the tip
all the experiments. The linearity condition was verified at selected to the sample as compared to the contact-mode operation, where
temperatures. the tip is in permanent contact with the surface during scanning.

Uniaxial Stress-Strain Properties. Tensile properties were  The phase of the oscillating tip is very sensitive to the nature of
measured at room temperature with a Zwick Z010 elongation testing the interaction with the surface. It has been shown that the phase
machine at a cross-head speed of 50 mm/min. For the tests, 3 cmlag can be directly related to the elastic modulus of the material
x 1 cm rectangular-shaped specimens were cut from the solution-when the amplitude is only slightly dampened upon contact with
cast films. At least five independent measurements were performedthe surfacé’ Therefore, simultaneous acquisition of the phase and
for each sample. the height image provides a map of the local mechanical properties

C. AFM Imaging. The very low electronic contrast between and allows the observation of phase-separated microdomains. All
the constitutive blocks of “all-acrylate” block copolymers is a major the AFM images were recorded with a Nanoscope llla microscope
problem for the observation of nanophase-separated morphologiegVeeco, Inc) operated at room temperature in air using commercial
by transmission electron microscopy (TEM) and small-angle X-ray cantilevers with a spring constant of 30 NinDifferent areas of
scattering (SAXS). As an alternative method, atomic force micros- the same sample were inspected with scanning times of ca. 8 min.
copy (AFM) is a suitable tool for the direct observation of phase The images were digitally sampled at the maximum number of
separation in block copolymetéHence, the formation of the phase-  pixels (512) in each direction, and the Nanoscope image processing
separated microdomains in the solid state was observed by AFM software was used for image analysis. Unless otherwise stated,
and the results were related to the macroscopic mechanical andmage treatment was limited to a “flattening” operation, whereby
rheological properties measured independently. a first-order surface representing height variations related to a

Film Preparation.Thin films of the copolymers were prepared possible tilt of the sample, is subtracted from the original image.
by solvent casting from a toluene solution (12 mgTHLon freshly . )
cleaved mica substrates. The thickness of the films (i.e.,#00 !lI. Results and Discussion
200 nm, as measured by ellipsometry) was chosen in order to make ~A. Polymer SynthesisFor the ATRP polymerizations in this
sure that: (i) the film surface is smooth (thicker films tend to be study, the CuBr/PMDETA complex was used as the catalytic
rougher and the topographic contrast can perturb the phase image)system because it is readily accessible and well-known to
and (ii) the morphology is not affected by specific interactions with mediate the controlled polymerization of both acrylates and

the substrate, as is often the case when the thickness is of the sam 8 . -
order of magnitude as the microdomain siZ8ecause toluene is %ethacrylateé_. The catalys’_[ and the various Initiators were
found to be highly soluble in the reaction mixture at 90.

a good solvent for the investigated (meth)acrylate copolymers, ! > . o
selective precipitation was not expected to influence the morphol- 1he first step in the sequential monomer addition approach

ogy. The samples were first analyzed after complete evaporationfollowed here for the preparation of the block copolymers,
of the solvent at room temperature. To investigate the effect of consisted of the copolymerization of 2EHA and MA in a 70/30

annealing on the surface morphology, the samples were heated atveight ratio. Because no purification of the macroinitiator is

Table 2. Results of the First Copolymerization Step of 2EHA and MA Using Initiators 1, 2, and 3

reaction 2EHA/MA Mn,theo Mn,sec Mw/Mn
initiator f [M] o:[1]0:[catalysth time (h) conversion (%) (kg mol1) (kg mol?1) )
1 1 364:1:1 23.3 95.6/96 48 54 1.3
2 2 728:1:2 21.3 95.7/95.6 96 57 1.7
3 4 1456:1:4 12.3 96.9/96.6 194 165 3.0
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Figure 1. Plot of the polydispersity index vs monomer conversion Figure 2. Kinetic plot for the ATRP of 2EHA initiated by initiators
for the ATRP synthesis of 2EHA/MA initiated by initiatofs 2, and 1, 2, and3 (@, #, a), respectively. The lines result from a second-
3 (@, ®, A), respectively. The SEC traces of the radial copolymer are order polynomial fit of the data.
shown for 37 and 95% conversion.

concentrations were modified according to the functiondlity
carried out after the first step, it is a prerequisite to reach a j.e, 5.0 x 1073 and 2.5x 1073 mM, respectively. The ratio
high level of monomer conversion prior to the addition of the between the number of alkyl halide sites and catalyst was always
second-step monomer (i.e., MMA). In Table 2, the results of kept constant (1:1). Hence, a constant polymerization Rgte
the first polymerization step are compared for a set of was expected for the three polymerizations according to the
polymerizations with the three initiators. In this series, the ratio expression,
between the initial monomer and initiator concentrations, i.e.,
[M]o:[110, was adjusted in order to get identical arm lengths R, = k, Kf [M][ 1], [Cu(D)Br)/[Cu(ll)Br ] ()
starting from the different initiators. The target molecular
weights were respectively 50, 100, and 200 kg Tha@ndMn theo wherek; is the rate constank is the ratio between the rate
expresses the expected molecular weight by taking into accountcoefficients for the reversible activation and deactivation

the final monomer conversion. processes, and [Cu(l)Br] and [Cu(Il)Biare the concentrations
The evolution of the polydispersity with monomer conversion of the catalytic redox pair.
for initiators 1, 2, and3 (@, @, 4) is depicted in Figure 1. In The monomer consumption followed by GC ahd NMR

this plot, it is shown that in all cases, SEC traces remain narrow did not indicate any significant deviation between the polym-
up to a conversion of£70%. Beyond this point, a broadening erization rate of 2EHA and MA. The ATRP kinetics of 2EHA
of the molecular weight distribution occurs for the three systems. with the different initiators are shown in Figure 2. It appears
Thus, for a conversior 95%, initiator1 leads to a copolymer  that the plot of In([M}/[M]) versus time is nearly linear for
with a polydispersity of 1.3, whereas values larger than 1.5 are initiator 1, suggesting a constant concentration of radicals
obtained with initiator and3 (1.7 and 3.0, respectively). On  throughout the polymerization. However, a significant deviation
this basis,1 can be considered as an efficient model initiator from linearity is observed with initiator@ and 3 when the
for the ATRP of 2EHA and MA. To the best of our knowledge, monomer conversion exceed®0%, and the kinetics is better
this constitutes the first example of “living” copolymerization described by a second-order polynomial equation. To our
of 2EHA and MA mediated by the CuBr/PMDETA catalytic knowledge, only a few reports have been published on the
system. The data clearly indicate that the extent of the kinetics of ATRP using multifunctional initiators. Under other
broadening is related to the type of initiator. As already similar reaction conditions, a decrease in polymerization rate
discussed by Gnanou et'dlin the case of the ATRP of styrene  was reported for the ATRP of styrene using an octafunctional
using a octafunctional initiator, this phenomenon can be relatedinitator, as compared to a monofunctional dfeA similar
to coupling reactions between active radical species, the extentobservation was made in the case of the ATRP of MMA using
of such intermolecular coupling reactions being proportional dendritic multifunctional initiators. Interestingly, in the latter
to the number of arms present in the radial polymer. A work, an acceleration of the polymerization was also reported
comparison between the SEC traces of the radial copolymerwhen a dodecafunctional initiator was used instead of a
(prepared witt8) at 37 and 95% conversion (Figure 1) provides tetrafunctional oné? Still, in the case of the ATRP ai-butyl
further support to the coupling hypothesis; at 95% conversion, acrylate, Matyjaszewski et &t.did not observe any difference
the shoulders on the high molar mass side of the chromatogramin the rates of polymerization between mono-, di-, tetra-, and
are presumably due to the irreversible coupling of growing hexafunctional initiators. Actually, for the reaction conditions
radicals. Note that in all cases the polymers remain completely mentioned in ref 15, no difference should really be expected.
soluble up to very high conversion levels. Although it was Inthe present case, the rate of polymerization seems to be related
demonstrated by Matyjaszew&kthat in the case of acrylates to the degree of branching of the growing copolymers. Since
coupling reactions can be suppressed by proper adjustment othe pioneering work of Fischer, itis commonly recognized that
the reaction conditions, it is emphasized that the experimental the overall kinetic behavior is a product of several different rate
conditions applied in this work were defined for subsequent constants and the dependence on various components does not
extrapolation toward a fast, robust, and industrially viable necessarily conform to a first-order relationsBipAlthough
process, which requires that high conversion be reached. ATRP seldom exhibits a gel effect, the branched nature of the
With initiator 1, the concentration of the bromo-alkyl units  polymer formed with initiator3 causes the critical overlap
was set at 1.1x 1072 mM. For initiators 2 and 3, the concentration to be reached earlier during polymerization. Thus,
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Table 3. Results of the Second Copolymerization Step of MMA Using Macroinitiators P1, P2, and P3 Prepared in the First Step

reaction MMA Mn.theo Mn sec* Mw/Mp

macroinitiator f [M]o:[P] time (h) conversion (%) (kg mol™) (kg mol™1) =)
P1 1 100:1 23.9 94.0 59.4 60 1.8
P2 2 200:1 25 90.7 118 72 2.1
P3 4 400:1 24.5 91.7 237 223 5.4
P42 4 400:1 6.5 33.1 131 1.9

aPrepared with a purification step before PMMA polymerization.

Response

Retention Time

Figure 3. SEC traces (RI detector) before (normal trace) and after
(thick trace) the second polymerization step us¥®gas macroinitiator.

a possible explanation for the observed trends could originate
from the increased viscosity due to the formation of chain

entanglements that hinder the diffusion of the macroradicals,
which in turn causes a decrease in the rate of termination.
Actually, the dependence of the termination rate coefficient on

results. It is therefore concluded that the present ATRP process
can readily be scaled up for industrial production.

B. Phase Morphology. The base structural entity of the
investigated block copolymers consists of an elastomer segment
of ~50 kg mol and a thermoplastic segmentrel0 kg moi.

The choice was not arbitrary but primarily guided by the
performance of the materials as PSA after suitable formulation.
It was observed that the linear triblock and especially the radial
copolymer system perform very well with regard to cohesive
and adhesive strength on both polar and nonpolar substrates.
Aside from the chemical composition of the block segments, it
is generally stated that the block should be long enough in
order to achieve good PSA properties, i.e., the soft segments
should be entangled in order to act as an elastomer and the
length of the hard blocks should be adjusted in order to get a
well-separated microphase structure. Our rheological data

chain length and viscosity has been demonstrated in the pastindicate that the molecular weilght between entanglements of
The original model developed by Gilbert was accommodated the Soft segments 25 kg mol™. By synthesizing elastomer

for the CRP in the form of the following expressiéh:
kt(DP) — kt(o)DPf(O.G&O.OZDP)

Following the conditions developed for the first polymerization
step, the addition of MMA was investigated for the preparation
of block-type structures. Although the halogen exchange mech-
anismis known toimprove the control over the polymerizaffoR?

segments with molecular weights beyond this value, we comply
with the first condition. To examine the formation of a
microphase-separated structure, films of the block copolymers
were analyzed by TMAFM.

For block copolymers, the presence of a phase-separated
morphology can be evidenced from the phase images obtained
in TMAFM. Here, no attempt was undertaken to analyze the
absolute values of the phase signal; the vertical color scale of
the phase images is chosen in order to produce the best contrast.

the addition of a second load of catalyst at the second stepFigure 4 shows typical AFM phase images observed for a
increases the cost of the process and makes the purification ofsample of the linear diblock copolymer (500),.2

the final product more tedious, which is clearly not desirable

The film surface clearly shows an assembly of bright dots,

in the prospect of upscaling. For these reasons, no additionali.e., areas where the phase lag is higher, dispersed in a dark
catalyst was used in the second step of the reaction. Degasse¢hatrix where the phase lag is lower. This is a clear signature

MMA was added at the end of the first polymerization step
(monomer conversior 95%), and the mixture was reacted until

a high conversion of MMA was reached 90%). As a result

of this sequential monomer addition process, a gradient copoly-
mer of 2EHA, MA, and MMA is most likely formed at the

of microphase separation, which is further supported by the
observation of two glass transitions in DSC, one at low
temperature associated to the elastomer part and one at high
temperature corresponding to the thermoplastic part (cf. Table
5). Despite the polydispersity of this diblock copolymer, an

early stage of the second step. In Table 3, the conditions andordered phase separation is observed. It is commonly accepted
the results of the second step are given for the mono-, di-, andthat molecular weight dispersity significantly reduces the

tetrafunctional macroinitiator. Obviously, MMA was largely
converted during the polymerizations.
As can be seen from Figure 3, no major differences appear

microdomain ordef8
However, Bendejacq et &.recently reported well-ordered
morphologies for a series of diblock copolymers with broad

between the general shape of the SEC trace of the macroinitiatormolecular weight distributions. A similar behavior is observed

P3and the final block copolymer. Despite the relative complex-
ity of the SEC traces, a shift toward higher molecular weight is

here. Because the phase shift is related to Young’s modulus,
the bright spots can be assigned to PMMA, which is, at room

observed. However, it can be noted that the second step of theemperature, harder than the elastomer segment constituted of

polymerization does not seem to affect the molecular weight
distribution to a large extent. This is likely due to the type of
bimolecular termination which, in the case of MMA, mainly

P(2EHA-co-MA). Figure 4 (right) shows the phase image of
the same linear diblock copolymer after annealing at @0
The morphology is very similar to that observed before

occurs by disproportionation because of the easily abstractableannealing. Yet, the dots are more regularly arranged in a well-

B-hydrogens®
Although the reactions were carried out in small vessels using
standard Schlenk techniques, upscalird Kg) of these poly-

defined hexagonal lattice, as indicated by the two-dimensional
Fourier transform of the image. From the power spectrum of
the images, the average center-to-center distance between dots

merizations with industrial-grade monomers and solvents usedis estimated to be 58 5 nm. The AFM data clearly suggest a

without further purification (only oxygen removal through
bubbling with nitrogen was applied) produced very similar

hexagonal arrangement of PMMA spheres in a P(2E6A-
MA) matrix. The actual PMMA content for the diblock
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Figure 4. 2 x 2 um? TMAFM phase images of the (5010 diblock copolymer: before (left) and after (right) annealing at 1@0Inset: Fourier
transform of the image showing the hexagonal symmetry of the lattice.

copolymer is~16 vol % according to the segmental composi- periodicity but reveals no further ordering at a larger length
tion, i.e., (48-9.4). The morphology of this copolymer is in  scale. The difference in morphology between the diblock
close agreement with our previous studies of the composition- (spherical) and the triblock (cylindrical) may be attributed to a
morphology relationship in “all-acrylate” thermoplastic elas- deviation from the target composition for the triblock. Because
tomers prepared by living anionic polymerizati#nin this the P(2EHA-co-MA) block is shorter than expected (see Table
composition range, those copolymers indeed show a “spheres-2), the triblock copolymer might be richer in PMMA, which

in-a-matrix” morphology. possibly drives the morphology toward a “cylinders-in-a-matrix”
To determine the influence of the molecular architecture on Structure. _ _ _ _
the supramolecular ordering, the linear {SM), triblock and Nevertheless, it should be emphasized that, irrespective of

the linear (56-10); diblock copolymer are compared. Figure 5 the rather large polydispersity, this triblock copolymer also
shows the morphology of the linear triblock copolymer at room develops a well-defined phase-separated morphology.
temperature before and after annealing. Parts a and b of Figure 6 show AFM images obtained for
Before annealing, the phase image (Figure 5, top) shows athe (50-10), radial block copolymer and display a two-phase
majority of round-shaped objects and a few elongated bright morphology of PMMA spheres dispersed in the P(2EEtA-
objects embedded in a dark continuous matrix. The elongatedMA) matrix, in agreement with the two distinct glass transitions
objects (4% of the objects) are attributed to PMMA rods partially observed by DSC (vide infra);
oriented parallel to the surface. The width of those rods is 30  Again, annealing results in a more regular spatial arrange-
+ 5 nm, equal to the diameter of the round-shaped objects. Thements of the microdomain. The average center-to-center distance
observed morphology suggests a collection of cylinders parallel between the spheres is 305 nm, i.e., the same value as for
and perpendicularly aligned to the surface. The prevalence ofthe diblock compouné This four-armed radial copolymer has
cylinders directed perpendicular to the surface after slow an actual composition of (48:3.2),, which corresponds to a
evaporation of the solvent (as with toluene) has clearly been PMMA content of~17 vol %. The observation of a spherical
demonstrated in previous studies of linear poly(meth)acrylate morphology similar to the linear diblock is thus fully consistent
triblock copolymers? Because the thermoplastic block has the but the existence of a well-defined microphase separation for a
highest surface free energy (42.5 m3ffor PMMA vs 36.1 copolymer with a polydispersity index exceeding 3 is quite
mJ/n? for P(2EHA-co-MA)),3! the material tends to organize remarkable.
so as to minimize the amount of PMMA at the surface by  To check the possible influence of the polydispersity on the
exposing only the apex of the PMMA cylinders. Hence, only a microphase morphology, a second {5D), radial copolymer
few elongated objects are visible on the AFM images. To was synthesized by ATRP with the specific goal of obtaining a
confirm the existence of the cylindrical morphology, samples lower polydispersity. This synthesis was a two-step process in
of the same copolymer were prepared in chloroform. As which, at each step, the polymerization was stopped at an early
previously® demonstrated, the fast evaporation of chloroform stage and the polymers were intensively purified in order to
during the film formation traps larger numbers of PMMA remove the residual monomers. For this second radial copoly-
cylinders in the “flat” orientation. This is also verified here: mer, the average number molecular weight and the polydisper-
the AFM image of a film prepared from chloroform (Figure 5, sity are 131 000 and 1.9, respectively. A single peak was
bottom) clearly shows the coexistence of perpendicular and flat observed in the SEC chromatogram, suggesting that coupling
cylinders at the surface and confirms that the morphology is reactions were essentially avoided. The PMMA contentahs
indeed cylindrical. After annealing, all cylinders are directed vol %.
normal to the surface and only their apex are visible (Figure 5, The AFM phase images (Figure 6c,d) show that both before

middle). The bright dots have an average diameter of-30 or after annealing, the second, better defined radial block
nm, equal to that of the dots in Figure 5 (top). The spatial copolymer presents the same spherical morphology as the
periodicity is fairly sharp, with an average distance of-6® previous radial copolymer. The inset is a Fourier transform of

nm between the dots. A two-dimensional isotropic Fourier the image, showing the hexagonal symmetry of the lattice. We
transform of the image (see Figure 5, inset) confirms the marked can thus conclude that the polydispersity due to the presence
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PMMA domains reorient in order to expose their apex at the
surface and to minimize the contact area with air. By comparing
the two radial copolymers (5610), and (5G-20), it is
concluded that a 2-fold increase of PMMA content leads to a
spheres-to-cylinders morphological transition. This agrees with
previous studies of linear di- and triblock copolymé&tg?
showing a cylindrical morphology for PMMA content20 vol

%.

As mentioned above, the phase separation for the copolymers
is confirmed by DSC. The results listed in Table 4 show the
presence of two glass-transition temperatures for all the block
copolymer systems. The evidence of two distinct transitions
points toward an amorphous two-phase microstructure.Tfhe
of the elastomer phase is similar for all of the block copolymers
and corresponds to the values for the linear and radial P(2EHA-
co-MA) copolymers of the same composition, i.@g~ —40
°C. In contrast, the higfiy value of the (56-10), block
copolymers is sometimes lower than fRgvalue of a PMMA
homopolymer of molecular mass equivalent to that of the hard
segments.

The most probable explanation for tfig deviation is a
composition drift of the thermoplastic microphase due to residual
amounts of 2EHA monomer left after the first step and
subsequently copolymerized during the second step of the
synthesis. Similarly, a considerable decrease in the intensity and
temperature of the glass transition assigned to the hard micro-
domains was reported for low-molecular-weight poly(MMA-
b-2EHA-b-MMA) 33 and poly(MMA-b-nBA-b-MMA) 3 triblock
copolymers prepared by living anionic polymerization. Partial
segmental miscibility and the presence of a diffuse interlayer
were invoked to account for those observations. In the present
ATRP block copolymers, the composition gradient of the hard

D AN A I Tk blocks may additionally promote miscibility and create a diffuse
AN L et AL interphase (up to a pure PMMA phase beyond a critical
. Nal> molecular weight), thereby depressing the glass-transition tem-
perature.

C. Thermomechanical Properties.The dynamic measure-
ment of the small-strain viscoelastic properties over a wide
temperature range is a convenient approach to determine the
phase organization in segmented copolyni&f&The AFM data
have clearly shown that the copolymers present a phase
separation, further supported by the DSC results. The viscoelas-
tic data (Figure 7) show that the three copolymers (50},
(50—10),, (50—10)y) exhibit a major loss tangent peak centered
atT(tandmay ~ —16 °C, which is characteristic of the P(2EHA-
co-MA) glass transition. The curve does not show a sharp peak
typical for the second transition but rather a broad relaxation
band. In particular, the diblock copolymer has a strong relaxation
band around 45C. According to the DSC data, it would be
Figure 5. 2 x 2 um? TMAFM phase images of the (50L0), linear straightforward to attribute this relaxation region to the glass
triblock copolymer; samples prepared from toluene solutions: (top) ransition of the thermoplastic domains. However, a contribution
before annealing, (middle) after annealing, (bottom) samples prepared o ) . ’ .
from chloroform solutions. from an additional relaxation process is assumed to explain the

large relaxation amplitude: as shown previously for linear
of secondary species or coupled species does not much influencestyrenié®3” and polyacrylate block copolymetsjangling or
the solid-state microscopic morphology of the copolymer. nontrapped chains may cause an increase of mechanical loss in

The AFM phase images (Figure 6e,f) of the {3tD), radial the rubbery plateau region. Free elastomeric chains may be
block copolymer reveal a cylindrical morphology. Before generated by termination during the first step of the synthesis,
annealing, flat cylinders (25% of the objects) coexist with bright especially for the diblock system. Moreover, various auth®rs
dots whose diameter (38 5 nm) is equal to the width of the  have demonstrated that the initiator-type in ATRP synthesis
flat cylinders. Again, the bright dots represent cylinders standing substantially affects the molecular mass distribution of MMA
upright, perpendicular to the surface. After annealing, shorter polymerization and that initiation by a brominated polyacrylate
segments of cylinders are aligned along the surface and their(i.e., P(2EHAe0o-MA)) macroinitiator inherently leads to a broad
number is strongly reduced (only 12% of the bright objects). molecular mass distribution of the PMMA segmeht&Hence,

This corresponds to the expected behavior, i.e., the cylindrical it is suggested that free copolymer chains with short or no
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o 2.00 pm 0 2.00 pm

Figure 6. 2 x 2 um? TMAFM phase images of the (50L0), radial block copolymer; samples prepared from toluene solutions: (a) before annealing,
(b) after annealing. % 2 um? TMAFM phase images of the “new” (5010), radial copolymer: before (c) and after (d) annealing at 1@Gnd

2 x 2 um? TMAFM phase images of the (5@®0), radial block copolymer; samples prepared from toluene solutions: (e) before annealing, (f) after
annealing.

PMMA segments (i.e., not physically cross-linked in the inanincrease o&'. In addition, it seems to limit the relaxation
microdomains) impart an amplified loss to the diblock copoly- due to dangling chains or branches (the presence of nontrapped
mer, acting as a diluent of the entangled matrix. In Figure 7, chains being less probable in these systems), as concluded from
the features of th&' and tano profiles for the linear triblock the reduction of the intermediate loss tangent peak. It is
(50—10), and the radial (5610), block copolymers are similar ~ noteworthy that the viscoelastic response of the linear triblock
to the diblock system, i.e., revealing an extended relaxation (50—10), is very close to the linear ATRP poly(MMA-nBA-
domain between 10 and 12C and no transition related to the  b-MMA) system ((25-9) » in our notation) studied by Tong et
hard domains. The connectivity of the elastic network results al.2 and the present results corroborate their conclusions.
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Table 4.T4 (DSC) of Homo- and Block Copolymers 0
Ty (°C)
sample A B -20
linear P(2EHAe0-MA) —41
radial P(2EHA€0-MA) —40 §
linear PMMA 102 ~ -40
(50-10) —41 73 N
(50-10), -39 59 %
(50-10) -39 98 -60
(50—20) —40 103
The viscoelastic data show that when the molecular mass of -80
the radial end blocks is increased, a reinforcing (filling) effect
is observed through the enhancement of the elastic modulus in 100 .

the rubbery plateau region (Figure 7a). A weak transition

characteristic of the glass transition of PMMA becomes apparent -50 0 50 100150~ 200 250
at 130°C in the tand profile, and the viscoelastic relaxation T (°C
domain at intermediate temperatures is significantly reduced °O

(Figure 7b), presumably as a result of the low number of Figure 8. TMA indentation profiles for the series of copolymers {50
dangling chain arms. The thermomechanical analysis of the 10k (diblock), (50-10), (triblock), (50-10) (radial), and (56-20),
“new” radial (50-10) copolymer also shows the disappearance (radial) represented with lines of increasing thickness, respectively.
of that intermediate relaxation domain, consistent with its better-  The TMA data shown in Figure 8 provide further indications
defined molecular structure, which is expected to improve the with regard to the phase behavior of the block copolymers (A

elastic properties. B),. For the diblock system, two consecutive penetration steps
9
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Figure 7. (a) Storage modulus and (b) loss tangent @aas a function of temperature for the series of copolymers-{&), (diblock), (50-10),
(triblock), (50-10), (radial), and (56-20), (radial) represented with lines of increasing thickness, respectively.
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Table 5. TMA Data materials, which reveals a broad intermediate damping region

for all the block copolymers. The damping amplitude is

indentation at

sample Ton,1(°C) Ton2(°C) 50°C (%) apparently related to the motional constraints imposed by the
(50-10), —34 100 copolymer structure. Hence, the mechanical damping is at-
(50—10) —35 74 47 tributed to the relaxation of dangling or free polymers chains
(50-10), —31 103 32 within the physical network.
(50-20) —32 133 21 That problem is solved by using a radial architecture of
Table 6. Ultimate Tensile Properties PMMA segments of appropriate length.
- - - The TMA data show that the molecular complexity of the
ultimate tensile elongation at . .
sample strength (MPa) break (%) acrylate block copolymers results in an enhanced elastic
response, and the stresstrain curves confirm the strengthening
(50—10) 0.6 440 o ; o oY
(50-10), 13 480 effect with increasing molecular connectivity (radfallinear
(50—20), 2.9 305 triblock) and end-block length.

From the observed microscopic morphology and the me-
without an intermediate plateau are visible under the applied chanical properties, it can be expected that the radial block
load. A temperature plateau appears for the linear triblock copolymers described herein should behave as valuable polymer
copolymer, which becomes even more marked for the radial bases for PSA applications. Preliminary work has shown that
copolymer. In addition, the indentation in the rubbery plateau adequate formulation with these polymers indeed leads to quite
region decreases with increasimgalue and essentially reflects ~ remarkable adhesive performanégs.
the higher elastic character of the elastomer phase. When
increasing the length of the outer block segments, the indentation Acknowledgment. We thank M. Voue (Materia-Nova,
plateau is further extended toward higher temperatures. TableMons) for the ellipsometry measurements. Research in Mons

5 summarizes the temperatures at penetration onset in the TMAIS partly supported by the Inter-University Attraction Pole

profiles, Ton, as well as the relative indentation at 8D. There
is a good agreement between the glass-transition temperature
reported by DSC and the onset temperatulgg, determined
by TMA. The major softening points for the linear (5Q0),
triblock and the radial systems are presumably related to the
glass transition of the end blocks. The penetration level at 50
°C reflects the increase of Young’'s modulus due to the
increasingly constrained architecture of the core elastomer.
The ultimate properties of the radial branched blocks and the
related linear triblock (5610), are reported in Table 6. The
other materials could not be handled properly at room temper-
ature. The data clearly reveal the strengthening effect due to
the radial structure as well as the end block length.

IV. Synopsis

With the aim to study the relation between the macromo-
lecular architecture, the microphase morphology and the me-
chanical properties, a series of (2EHA-MA)-block MMA
copolymers was prepared by ATRP either as linear diblocks,
symmetric linear triblocks, or symmetric four-arm radial
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European Commission, the Government of the Region of
Wallonia (Phasing Out-Hainaut), and the Belgian National Fund
for Scientific Research FNRS/FRFC. Ph.L. is Research Associ-
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