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Abstract

The interface of a two-layer assembly of polystyrene (PS) and poly(methyl methacrylate) (PMMA) was modi®ed by an intermediate layer

of either a premade poly(styrene-g-methyl methacrylate) copolymer (P(S-g-MMA)) or a preblend of mutually reactive PS and PMMA

synthesized by atom transfer radical polymerization (ATRP). No signi®cant difference was found in the interfacial fracture toughness

measured by the double cantilever beam test, although the morphology of the interfacial region was not the same when observed by

transmission electron microscopy. The premade copolymer formed a distinct interphase, in contrast to the sharp interface that was observed

in the case of the reactive system. The analysis of the fracture surfaces by Raman confocal microscopy showed that the fracture occurred

alternatively in the PS phase and either at the PS/copolymer interface for the non reactive system or at the PS/PMMA interface for the

reactive one. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Blending of polymers is a powerful strategy to prepare

materials with an improved property/cost balance.

However, most polymer blends are phase-separated, the

phase morphology is unstable upon further processing and

shaping, and the interfacial adhesion being poor, so are the

mechanical performances. The origin of these disappointing

observations has to be found in the interface, that must be

modi®ed in order to decrease the interfacial tension, to inhi-

bit the phase coalescence and to strengthen the interfacial

adhesion [1]. This ªcompatibilizationº requires the addition

of block [2], graft [3], tapered [4] or even random copoly-

mer [5,6] that can be pre-made or, better, formed in situ, in a

so-called reactive process [7]. The key point is that the

copolymer organizes itself at the interface with formation

of molecular ªreinforcing connectorsº, i.e. chain entangle-

ments of the constituent segments within the parent phases

[8]. Several research groups investigated the strengthening

capability of premade copolymers with different molecular

characteristic features by the double cantilever beam

method [8], the main experimental variables being the

areal chain density of the copolymer chains [8,9], the

annealing temperature [8,9], and the thickness ratio of the

polymer sheets [10]. Attention was also paid to the locus of

fracture, that was observed by experimental techniques such

as secondary ions mass spectrometry (SIMS) [9] and

forward recoil electron spectroscopy (FRES) [8]. The

strengthening of the interfacial adhesion was also studied

by formation of the compatibilizer at the interface as result

of the coupling of polymer chains bearing mutually reactive

groups. The experimental conditions for the implementation

of the coupling reaction were modi®ed [11,12], and addi-

tional experimental techniques, such as ellipsometry, were

used [13].

The purpose of this study is to compare the compatibili-

zation of the interface by a graft copolymer, premade and

formed in situ, respectively. A PS/PMMA two-layer assem-

bly will be analyzed as a model, and characterized by the

dual cantilever beam test. The graft copolymer will be

formed, in situ or not, by coupling mutually reactive precur-

sors prepared by controlled radical polymerization, i.e.

random copolymers of styrene and m-isopropenyl-a,

a-dimethylbenzyl isocyanate (m-TMI, Scheme 1) (P(S-co-

TMI)) and a-hydroxy PMMA (PMMA-OH). Compared to

previous studies, the controlled synthesis of reactive PS and

PMMA of well-de®ned molecular weight and low polydis-

persity by atom transfer radical polymerization (ATRP) is

thought to be a substantial improvement. Attention will be
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paid to the interfacial adhesion toughness and the locus of

fracture. The fracture surfaces will be observed by Raman

confocal microscopy which is a much more ¯exible tech-

nique than SIMS [9] and FRES [8], because no deuteration

of the compatibilizer is required. It gives also more detailed

information than the attenuated total re¯ectance ATR FTIR

spectroscopy [10].

2. Experimental

2.1. Materials

Monomers (methyl methacrylate (MMA) and styrene

(Sty), supplied by Aldrich) were dried over CaH2, distilled

under reduced pressure and stored under N2 at 2208C.

Toluene was re¯uxed over CaH2 and distilled prior to use.

CuBr was puri®ed as reported in the scienti®c literature

[14]. It was stored under N2 and weighed in the open air

prior to polymerization. Solutions of the as-received

1-phenylethyl bromide (1-PEBr, from Aldrich) (0.22 M),

of 1,1,4,7,10,10-hexamethyldiethylenetriamine (HMTETA,

from Aldrich) (0.37 M) and of 2-hydroxyethyl 2 0-methyl-2 0-
bromopropionate (synthesized as described later on)

(0.33 M) were prepared in anhydrous toluene, degassed by

the bubbling of N2, and stored under N2 at 2208C. m-TMI

(m-isopropenyl-a, a-dimethylbenzyl isocyanate) was eluted

over alumina, degassed by the bubbling of N2, and stored

under N2 at 2208C. PS used in this work was the Polystyrol

158 K from BASF, and PMMA was the Diakon from ICI.

2.2. Synthesis of 2-hydroxyethyl 2 0-methyl-2 0-
bromopropionate [15]

This hydroxy containing initiator for the ATRP of MMA

was synthesized as follows (Scheme 2, Synthesis of

2-hydroxyethyl 2 0-methyl-2 0bromopropionate): Bromoiso-

butyryl bromide was added dropwise into cold anhydrous

ethylene glycol (dried over MgSO4 and distilled under

reduced pressure) at 08C under stirring. The ethylene

glycol/bromoisobutyryl bromide molar ratio was 25. The

reaction mixture was then added to deionized water, and

the reaction product was extracted by chloroform. The

organic solution was washed with a sodium hydrogenocar-

bonate aqueous solution, and then dried over magnesium

sulfate. After solvent removal, a colorless liquid was recov-

ered and vacuum distilled. It was characterized by GC and
1H NMR (CDCl3, RT, 250MHz) (4.30 (t, 2H), 3.85 (t, 2H),

1.94 (s, 6H)).

2.3. Polymer synthesis

A major purpose of this work being to compare the non

reactive and the reactive compatibilization of the model PS/

PMMA interface, it was essential to prepare graft copoly-

mers with the same structure not only at the interface (reac-

tive compatibilization) but also independently of it (non

reactive compatibilization). The coupling of premade multi-

functional PS backbone and end-reactive PMMA chains

was therefore an appropriate strategy for the synthesis of

the graft compatibilizer. The addition of an alcohol to an

isocyanate with formation of urethane was selected as the

coupling reaction, and the PS and PMMA precursors were

synthesized with controlled molecular weight and narrow

polydispersity by atom transfer radical polymerization

(ATRP). All the polymerizations were conducted according

to the Schlenk method. In a typical experiment, the solid

ingredient (CuBr catalyst) and a magnetic bar were added

into a glass tube, that was closed by a three-way stopcock

and placed under nitrogen by repeated vacuum/nitrogen

cycles. The liquid reagents were then added under nitrogen

with a syringe in the following order: ligand, monomer,

initiator. Random copolymers of styrene and m-isoprope-

nyl-a, a-dimethylbenzyl isocyanate (m-TMI) [(P(S-co-

TMI)] were synthesized by atom transfer radical polymer-

ization (ATRP) in toluene at 1108C, the CuBr/HMTETA/

PEBr being the catalytic system [16]. Copolymerization of

styrene with m-TMI (Scheme 1) was a direct way to attach

isocyanate groups to the polystyrene backbone. m-TMI did

not homopolymerize in the presence of radicals at 1108C
because of a low ceiling temperature [17]. The ATRP of a

comonomer feed containing 10 wt% of m-TMI showed that

Mn of the copolymer measured by SEC increased linearly

with the comonomer conversion, at least until conversion of

60% (Fig. 1). The polydispersity was narrow (,1.3) and the

m-TMI content of the copolymer was lower than the original

value of the comonomer feed (at partial conversions), which

indicated that m-TMI was less reactive than styrene at

1108C. A detailed analysis of the copolymerization reaction

will be reported in a forthcoming paper [18]. Nevertheless,

it was essential to check that the distribution of the m-TMI

co-units in the copolymer chains is independent of the mole-

cular weight, otherwise the structure of the ®nal copolymer

would not be homogeneous. A P(S-co-TMI) sample �Mn �
42000; Mw=Mn � 1:3; m-TMI � 2:2 mol%� was analyzed

by SEC equipped with a dual detector (UV detection at

366 nm and differential refractometer). It was previously

C. Koulic et al. / Polymer 42 (2001) 2947±29572948

Scheme 1.

O˚C

OHHO

EXCESS

MeMe O

Br O
OH

MeMe O

Br Br

Scheme 2.



reacted with 9-(methylaminomethyl)anthracene (lmax:

366 nm, Scheme 3, 9-(methylaminomethyl)anthracene

used for the analysis of the isocyanate co-units by UV)

[19]. The reaction was found to be quantitative through

the disappearance of the absorption peak of the isocyanate

at 2250 cm21 in IR. It was ascertained that the absorption by

the unlabelled copolymer at 366 nm was negligible. As

shown by Fig. 2, the overlap of the SEC traces recorded

by UV at 366 nm and by the refractive index detector was

very good. The systematic shift by 0.2 min resulted from the

series connection of the two detectors. The m-TMI distribu-

tion in the copolymer chains was thus homogeneous.

a-hydroxy PMMA was prepared by ATRP in toluene at

858C initiated by 2-hydroxyethyl 2 0-methyl-2 0-bromopro-

pionate and catalyzed by the CuBr/HMTETA system [15].

The polymer was recovered by precipitation in methanol

and dried under vacuum. Mn (SEC) increased linearly with

conversion at least up to 70% (Fig. 3). The polydispersity

index remained low, although it increased slightly with the

conversion, as the result of a tailing on the low molecular

weight side of the SEC chromatogram (Fig. 4). Moreover, a

shoulder was observed on the high molecular weight side of

the SEC chromatogram. Because the purity of the initiator

was con®rmed by GC analysis, this shoulder could not result

from initiation by a contaminating difunctional molecule.

An explanation might be a transesteri®cation reaction

between the hydroxyl containing a-ester end-group of the

chains (Scheme 4, Side-reaction pathway accounting for the

coupling peak observed on Fig. 4). This side reaction would

be of a limited extent, thus without deleterious effect on the

polymerization control.

The graft copolymer was prepared by reaction of PS-co-

TMI �Mn � 47000; Mw=Mn � 1:3; TMI � 2:2 mol%� with

PMMA-OH �Mn � 48000; Mw=Mn � 1:1� in a 1/1 wt ratio
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Fig. 2. Comparison of the SEC chromatograms of P(S-co-TMI) recorded by

the UV detector at 366 nm (dashed line) and by the refractive index detector

(solid line).



in anhydrous toluene ([PS]� [PMMA]� 10 wt%, [NCO]/

[OH]� 10) in the presence of dibutyl tin dilaurate

(DBTDL) (0.15 mol% with respect to NCO) under inert

atmosphere at 408C for 5 h. SEC analysis of the course of

the coupling reaction (UV detection, 254 nm) showed a

twofold increase in molecular weight for the coupling

product (Fig. 5). The peak attributed to the PS precursor

decreased in favor of the peak characteristic of the PS

content of the graft copolymer with a molecular weight

consistent with the average grafting of one PMMA chain

on the PS backbone (the broadening of the peak with reac-

tion time was related to multiple grafting of PMMA chains

onto PS). The crude reaction product used in this study

contained 82 wt% of copolymer chains and 18 wt% of

unreacted precursors as determined by SEC using the

method (UV detector) described by Macoscko et al. [24].

Because PMMA is invisible at 254 nm, the area under the

curve was proportional to the amount of polystyrene

including the graft copolymer. Therefore, the percentage

of polystyrene chains grafted was calculated as: AREA-

highMW/(AREAlowMW 1 AREAhighMW) £ 100%. The reaction

product was precipitated in methanol, ®ltered and dried

under vacuum at 408C overnight leaving the SEC trace

unmodi®ed.

2.4. Characterization

Molecular weight and molecular weight distribution were

analyzed by SEC (Size Exclusion Chromatography cali-

brated with PS or PMMA standards), in THF at 408C,

with a Hewlett±Packard 1090 liquid chromatograph

equipped with a Hewlett±Packard 1037A refractive index

and a UV detector. Before SEC analysis, the (co)polymers

were puri®ed by precipitation in methanol, ®ltered and dried

under vacuum.

MMA and styrene conversion was monitored by 1H

NMR. The resonances of the MMA ole®nic protons at

5.47 and 6.00 ppm were compared to the resonances of

the methyl ester (±OCH3) at 3.6 ppm. The resonances of

the styrene ole®nic protons at 5.11 and 5.59 ppm were

also compared to the PS aliphatic protons observed between

1.1 and 2.5 ppm. 1H NMR spectra were recorded at room

temperature in CDCl3 with TMS as internal reference by

using a Brucker AM 250 apparatus. FTIR spectra of ®lms

cast on NaCl disk from CH2Cl2 solution were recorded with

a Perkin±Elmer 1720 X spectrometer.

The m-TMI units of the P(S-co-TMI) copolymer were

analyzed by FTIR, the absorption of the isocyanate group

(NCO) being observed at 2255 cm21. The m-TMI content
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was determined by FTIR on the basis of a calibration curve.

For this purpose, blends of PS and m-TMI of known weight

compositions were dissolved in CH2Cl2 and solvent cast on

NaCl disk. The absorption ratio of the aromatic CvC (at

1601 cm21) and the isocyanate (at 2255 cm21), i.e. A1601 cm
21 /

A2255 cm
21 , was plotted versus the styrene/m-TMI wt ratio and

agrees with the following equation: A21
1601 cm=A

21
2255 cm �

0:115 1 1:13 £ 1022 (Sty/m-TMI).

All the polymers synthesized in this study are listed in

Table 1.

2.5. Sandwich assembly

PS and PMMA were compression molded at 2008C into

120 £ 80 £ 1 mm sheets. Toluene solution (2.5 g) of the

premade copolymer (10 wt%) was spin-coated (2000 rpm)

on the surface of both the PMMA and the PS compression

molded sheets, that were then dried under vacuum at 408C
for 5 h, face-to-face assembled and annealed under very low

pressure at 2008C for 40 min. Similarly, 2.5 g of a toluene

solution of a mixture of the two reactive precursors

(10 wt%), was spin-coated (2000 rpm) on the surface of

both the PMMA and the PS sheets, that were treated as

before. The coupling reaction did not occur signi®cantly

at RT.

2.6. Fracture toughness

After annealing, the PS/premade copolymer (or mixture

of the reactive precursors)/PMMA sandwich-assembly was

cooled down and 1 cm width samples were cut out. The

interfacial fracture toughness was measured by the

symmetric double cantilever beam test. A razor blade was

inserted between the two constituent layers, and the length

of the crack propagating ahead of the razor blade was

measured. A 5 min equilibration time was used, having

checked the stability of the length for 24 h at room tempera-

ture. The toughness of the interface (Gc) was calculated

from the following equation proposed by Creton et al. [8]:

Gc � ��3D2E1h3
1E2h3

2�=�8a4��

£ ��E1h3
1C2

2 1 E2h3
2C2

1�=�E1h3
1C3

2 1 E2h3
2C3

1�2�
where C1 � 1 1 0:64h1=a and C2 � 1 1 0:64h2=a: Ei and hi

are the elastic modulus and the thickness of the component i,

respectively, D is the thickness of the razor blade, and a is

the crack length.

2.7. Phase morphology

It was observed with a Philips CM 100 transmission elec-

tron microscope (TEM). A Reichert-Jung Ultracut FC 4

microtome equipped with a diamond knife was used to

prepare ultrathin samples (50 nm thick) along the section

of the sandwich assemblies at room temperature. PS was

observed as the dark phase and PMMA as the white one.

Fracture surfaces were also observed by Scanning Electron

Microscopy (SEM) with a JEOL JSM-840A microscope

(20 kV). Samples were coated by a 25 nm thick layer of

Au/Pd alloy.

2.8. Raman confocal microscopy

Raman spectra were recorded with a Dilor ªSuperLab-

ramº spectrometer. This instrument was equipped with an

Olympus confocal microscope and a backlit UV-enhanced
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800±2000 CCD detector, cooled with liquid nitrogen. The

excitation laser was an argon ion laser (Coherent 52B) and

the power at the sample level was ca. 25 mW at 514.5 nm.

The integration time for most samples was 20 s or less. The

use of an objective (£100) and a 200 mm confocal hole

allowed layers as thin as 3 mm to be easily distinguished,

provided that the spectrograph was properly aligned.

3. Results and discussion

3.1. Interfacial adhesion promoted by premade graft

copolymer

The interface between 1 mm thick-sheets of PS and

PMMA was reinforced by a spin coated layer of the PS-g-

PMMA copolymer prepared by coupling the two precursors

of same molecular weight (50 K) (Section 2). This three-

layer sample was annealed at 2008C for 40 min under a

slight pressure in order to maintain the sheets in contact.

Fig. 6 compares the fracture toughness (Gc) of the modi®ed

and unmodi®ed PS/PMMA interfaces, that was measured by

the double cantilever beam test [8]. The fracture toughness

for the interface modi®ed by the copolymer is tremendously

increased (by more than 20 times) compared to the

unmodi®ed interface. Gc is now close to the average value

reported for the cohesive fracture toughness of brittle homo-

polymers (including PS and PMMA), thus ca. 500 J/m2 [20].

The interfacial fracture toughness is not zero in the absence

of compatibilizer. Indeed, statistical thermodynamics

predicts that polymer segments can interdiffuse to some

extent in order to minimize the interfacial energy [21].

This segmental interdiffusion increases as x is smaller.
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Table 1

Polymers synthesized in this study

Type Mn, exp (g/mole)a Mw/Mn Reactive group content (mol%)

PS-co-TMI 42000 1.3 0.6 (3)b

47000 1.3 2.2 (10)b

42500 1.3 2.3 (9)b

36000 1.3 7.0 (25)b

PMMA-OH 33500 1.2 ± c

48000 1.1 ± c

48500 1.2 ± c

a Determined by SEC using PS and PMMA calibrations, respectively.
b Reactive groups per chain.
c End-capped with hydroxy.

Fig. 6. Fracture toughness for the PS/PMMA interface before and after

modi®cation by the P(S-g-MMA) copolymer.

1µm

PS sublamella
copo + homo

PMMA sublamella
copo + homo

50nm

Fig. 7. TEM observations of the distinct interphase (ca. 7.5 mm) formed by

the copolymer layer (top), and of the phase morphology of this interphase

(middle). Schematic representation of the interphase (bottom).



For the PS/PMMA pair, x � 0:37 [9] and the experimental

fracture toughness is 18 J/m2.

3.2. Mechanism of interfacial adhesion

The copolymer used in this study has a graft architecture

and it contains a signi®cant amount of homopolymers. Fig. 7

(top) shows that the copolymer forms an interphase between

the two homopolymers, such that two distinct interfaces

are actually observed. Therefore, it is clear that the inter-

facial toughness does not result from the stitch-like

organization of the copolymer at the interface (entangle-

ment of each block of the individual copolymer chains

within the parent phase). The observation of this interphase

by TEM shows a disordered lamellar structure (Fig. 7

(middle)), the PS sublamellae being dark and intermingled

with the white sublamellae of PMMA. There may be several

reasons for the long range disorganization of the lamellae in

the interphase. (1) the spin coating technique used for the

deposition of the copolymer layer and a too short annealing

time, (2) the possibly non uniform distribution of the

PMMA graft(s) along the PS backbone, (3) the copolymer

contamination by the unreacted precursors, which are

expected to swell the sublamellae with formation of ªwetº

sublamellae (as reported by Macosko et al. [23]). The high

fracture toughness imparted by the copolymer to the PS/

PMMA interface could result from the poor organization

of the copolymer interphase (Fig. 7 (bottom)) which may

favor chain entanglements in this region and thus the stress

transfer across the whole lamella. According to Kramer et

al. [22], a highly regular organization of non contaminated

sublamellae has a deleterious effect on the fracture

toughness. The question may be addressed to which extent

the poorly de®ned morphology of the interphase contributes

favorably to the interfacial strengthening. Further

investigation is necessary to know whether it is better to

use copolymers with highly uniform molecular structure

and composition and rid of contaminating homopolymers

or not.

3.3. Locus of fracture

The high experimental Gc might indicate that crazing

occurs at the crack tip and that the craze ultimately fails

by ®brils breakdown in the interfacial region, which

would be the weakest point. Nevertheless, when the inter-

face formed by two homopolymers of distinct elastic modu-

lus (i.e. PS having the lower elastic modulus and thus the

lower crazing stress in the PS/PMMA pair [10]) is modi®ed

by a copolymer, the locus of the fracture (and thus the

fracture toughness) depends on the relative thickness of

the two homopolymer layers and on the interfacial area

occupied by the copolymer chains. In order to know

where the fracture occurs, the fracture surfaces were

analyzed by SEM and Raman confocal microscopy. SEM

observation shows plastic deformation which is the signa-

ture of a craze failure mechanism. Therefore, the structure

of the fracture surfaces is not uniform, as assessed by rough

and smooth regions (Fig. 8).
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The composition of the PMMA surface after fracture was

analyzed by Raman confocal microscopy. In order to make

reference spectra available, the premade graft copolymer

was spin-coated on the surface of compression molded

sheets of PS and PMMA, and the Raman spectrum of

these surfaces was recorded. The major scattering peaks

of PMMA and PS were observed, and the intensity ratio

of the peaks characteristic of PS and PMMA was used as

reference (Fig. 9).

The rough areas will be further referred to as ªstickº

zones, in contrast to the ªjumpº smooth zones. The

Raman confocal microscope is equipped with an optical

camera that allows to select the area to be probed.

Whenever a ªjumpº zone (Fig. 10) is analyzed, the PS

content of the PMMA surface is not signi®cantly higher

than the reference, so indicating that the fracture is more

likely to occur at the PS/copolymer interface. A ªstickº

zone with the rough morphology shown in Fig. 8, was

also analyzed on the PMMA surface. The PS content now

largely exceeds the reference value (Fig. 11), which strongly

suggests that the fracture occurs in the PS bulk phase and

no longer at the PS/copolymer interface as it is the case for

the smooth regions. Moreover, when the fracture surface on

the PS side is analyzed by Raman confocal microscopy,

no trace of PMMA is detected, which con®rms that the

fracture propagates within the PS phase or at the PS/

copolymer interface. So, the crack occasionally penetrates

the homopolymer PS phase, which increases the fracture

toughness of the interface. The Raman confocal microscopy

was very instrumental in the study of the fracture

mechanism of the PS/PMMA interface reinforced by a

P(S-gMMA) copolymer. Indeed, it is clear now that the

fracture does not occur in the same region, but rather

alternatively at the PS/copolymer interface and within the

PS phase close to this interface. The crack does not

propagate at the same rate as the razor blade, but in a

ªstick-jumpº fashion [10]. For a while, the crack

propagates more slowly than the blade, and a band of crazes

is formed in front or at the leading edge of the crack

(ªstickº). When the crack tip passes through the band of

crazes, the crack suddenly propagates and gives rise to a

jump.
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Fig. 10. Superimposition of the Raman spectra of a smooth area on the

PMMA surface after fracture and the PMMA surface coated by the P(S-g-

MMA) (reference).

Fig. 11. Raman spectra for a rough region of the PMMA surface after

fracture, to which the reference of the (PMMA 1 PS-g-PMMA) surface

has been superimposed.

Fig. 12. Effect of the reactive group content of (P(S-co-TMI)) on the frac-

ture toughness (Gc) of the PS/PMMA interface.



3.4. Interfacial adhesion promoted by a mixture of PS-co-

TMI and PMMA-OH

In an additional series of experiments, a premixture of

P(S-co-TMI) and PMMA-OH in a 1/1 wt ratio was spin

coated between PS and PMMA sheets. The NCO content

of the reactive PS was changed (0.6, 2.2 and 7 mol% of

TMI), while keeping constant the other molecular para-

meters. The samples were annealed at 2008C for 40 min.

Fig. 12 shows that no signi®cant increase in the fracture

toughness is observed in the case of the PS-co-TMI (Mn:

42000, Mw/Mn: 1.3, TMI: 0.6 mol%, ca. 3 groups per chain)/

PMMA-OH (Mn: 48500, Mw/Mn: 1.2) premixture, which

might indicate that a critical content of reactive groups is

required for the interfacial reaction to occur under the

experimental conditions used. When the content of the

isocyanate groups attached to polystyrene is increased

(PS-co-TMI (Mn: 42500, Mw/Mn: 1.3, TMI: 2.3 mol%, ca.

9 groups per chain)/PMMA-OH (Mn: 48500, Mw/Mn: 1.2)),

the fracture toughness is increased from 20 to 80 J/m2 (Fig.

12). So, the isocyanate containing PS has now the opportu-

nity to react with the hydroxyl containing PMMA before

these polymers have diffused into the parent homopolymer

phases. When the reactive group content (RGC) is further

increased (PS-co-TMI (Mn: 36000, Mw/Mn: 1.3, TMI:

7 mol%, ca. 25 groups per chain) / PMMA-OH (Mn:

33500, Mw/Mn: 1.2)), the toughness of the PS/PMMA inter-

face is comparable to the value imparted by the premade

copolymer (370 J/m2) (Fig. 12). Thus, when the average

number of isocyanate groups per PS chains is increased,

the probability of reaction with PMMA-OH is also

increased, and the grafting of PS by PMMA makes their

diffusion into the parent layer much less favorable, so

accounting for the rapidly improved fracture toughness

(Fig. 12).

Because the interfacial fracture toughness is close to that

one imparted by the premade copolymer, the morphology of

the interface modi®ed by the premixture containing PS-co-

TMI with the highest RGC was observed by TEM. Fig. 13

shows no distinct interphase, but rather a sharp interface in
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Fig. 13. TEM observations of the PS/PMMA interface modi®ed by the premade copolymer (top) and the reactive P(S-co-TMI)/PMMA-OH blend.

Fig. 14. Raman spectrum of the rough regions on the PMMA surface after

fracture.



contrast to the situation triggered by the premade copolymer

(Fig. 7 (top)), used in the same amount. At least because of

higher melt viscosity PMMA is expected to form the

dispersed phases in the spin-coated blend of the reactive

polymers. Dispersed PMMA phases are actually observed

as large bright PMMA droplets in the dark (PS) phase and

probably stabilized by the interfacial reaction. Nevertheless,

as result of the slow NCO/OH reaction, some reactive poly-

mer chains may have time to diffuse towards the parent

phases (PS-X in PS and PMMA-Y in PMMA) and organize

at the PS/PMMA interface before reacting with formation of

the graft copolymer. However, depending on their composi-

tion and balance of interaction with the homopolymers,

some copolymer chains, richer in PMMA (due to the multi-

functionality of the PS chains), can leave the interfacial

region to form micelles, which can be seen as small black

PS droplets in the PMMA phase (Fig. 13).

Once again, the fracture surfaces were analyzed by SEM.

Plastic deformation areas (more likely PS ®bril residue) and

smoother areas were observed on the PMMA side. Accord-

ing to the Raman confocal microscopy, the rough zones

consist of PS residues, since the Raman spectrum is compar-

able to that one of PS modi®ed, however, by the more

intense PMMA scattering peaks (Fig. 14). Moreover, no

PS is detected in the smoother areas (Fig. 15). Therefore,

the fracture propagates alternatively within PS (craze fail-

ure) and at the sharp PS/PMMA interface (smooth areas rid

of any PS trace). No trace of PMMA is observed on the

fracture surface on the PS side (Fig. 16) in agreement

with the above conclusion.

4. Conclusions

The PS/PMMA interface has been modi®ed by a premade

P(S-g-MMA) graft copolymer and by a reactive mixture of

the PS and PMMA precursors, i.e. P(S-co-TMI) of various

RGC and PMMA-OH. In the case of the premade copoly-

mer, the fracture toughness is multiplied by more than 20

with respect to the unmodi®ed interface. Nevertheless, the

reactive mixture leads to a fracture toughness close to that

one promoted by the premade copolymer, in spite of a

different organization of the copolymer formed at the
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Fig. 15. Raman spectrum of the smooth regions on the PMMA surface after

fracture.

Fig. 16. Raman spectrum of the PS surface after fracture.

Fig. 17. Schematic view of the crack propagation in the PS/PMMA assembly: premade system (left), in situ system (right).



interface. The premade copolymer actually forms a strong

interface as result of a short-range organization of PS and

PMMA lamellae swollen by the parent homopolymer. An

ef®cient entanglement of the copolymer chains is thought to

favor the stress transfer from one phase to the other one. In

contrast, a sharp interface is formed in the reactive system,

the copolymer chains more likely acting as bridging chains.

Whatever the way the interface is modi®ed, the Raman

confocal microscopy shows that the fracture occurs alterna-

tively within the PS phase and either at the PS/copolymer

interface for the non-reactive system, or at the sharp PS/

PMMA interface and within the PS phase for the reac-

tive one (Fig. 17). These observations can account for the

high experimental fracture toughness which is close to the

cohesive energy of PS.
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