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Abstract

The effects of reactive silane-terminated poly(styrene-b-dimethylsiloxane) block copolymer on the fracture toughness between
a poly(dimethylsiloxane) elastomer and polystyrene substrate are measured by the JKR technique. Adhesion enhancement is not
observed when the platinum hydrosilylation catalyst is poisoned with a thiol, confirming that adhesion enhancement is due to a
hydrosilylation reaction between silane end groups and residual vinyl functionality in the elastomer. The fracture toughness
increases with the block copolymer areal density, the molecular weight of the PDMS block and the concentration of residual
vinyl groups in the elastomer. These results compare well with predictions of the Lake and Thomas theory for failure of crosslinked
elastomers. Addition of 0.016 copolymer molecules/nm2 to the interface leads to a sixteen-fold increase in the fracture tough-
ness. To cite this article: Wenchun Hu et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les effets sur l’énergie d’adhésion de l’ajout d’un bloc copolymère (poly-styrène-b-dimethylsiloxane) contenant des silanes
terminaux dans un mélange d’élastomère poly(dimethylsilane) et de polystyrène ont été évalués à l’aide de la technique JKR.
L’amélioration de l’adhésion n’est pas observée lorsque le catalyseur d’hydrosilylation à base de platine est volontairement
empoisonné par un thiol, confirmant ainsi le fait que l’amélioration est due à la réaction d’hydrosilylation entre le silane terminal
et les fonctions vinyliques résiduelles de l’élastomère. L’énergie d’adhésion augmente avec la densité de surface du bloc
co-polymère, le poids moléculaire du bloc PDMS et la concentration résiduelle de groupes vinyliques dans l’élastomère. Ces
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résultats concordent avec les prédictions faites à l’aide de la théorie de Lake et Thomas sur les défauts de pontage dans les
élastomères. L’addition de 0,016 molécules de copolymères/nm2 à l’interface augmente l’énergie d’adhésion de 16 fois par
rapport à la situation sans additif. Pour citer cet article : Wenchun Hu et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Block copolymers are used extensively to modify
the properties of immiscible polymer blends. Usually,
each block is chosen to be compatible with one of the
homopolymer domains so that the that block copoly-
mers localize at the interface between immiscible
homopolymers with one block residing preferentially
in each phase [1–6]. Localization of the block copoly-
mer at the blend interface decreases the interfacial ten-
sion [7–10] and stabilizes the minor blend phase against
coalescence [11], factors that decrease the phase size
and subsequently improve mechanical properties such
as toughness [12].

The entanglement of the two block copolymer
sequences with the homopolymer phases across the
interface can also lead to significant enhancement of
the adhesion between homopolymers. The adhesion of
polymer/polymer interfaces is often characterized by
the fracture energy required to create a unit area of new
surface at the interface. This energy is released from
the elastic strain in the sample by propagating a crack
at the interface and therefore is called the energy release
rate or the fracture toughness, G. The effects of block
copolymer addition on the fracture toughness of inter-
faces between two immiscible homopolymer glasses
have been investigated extensively [13–15]. Fracture
toughness generally increases upon addition of block
copolymers, and in favorable cases reaches values simi-
lar to the cohesive strength of one of the homopoly-
mers. For relatively low copolymer molecular weights
the interface was found to fail by chain pull-out with-
out crazing. In this process, one of the blocks is pro-
gressively pulled out from the respective homopoly-
mer domain upon fracture. The fracture toughness in
the chain pull-out regime was found to increase lin-
early with the areal chain density (R) of block copoly-
mers, and scaled roughly with N2, where N is degree of

polymerization of the pulled-out block. The depen-
dence on R and N agree with the model of chain pull-
out proposed by Xu et al. [16].

The fracture toughness of interphases between rub-
bery and glassy polymers was initially studied by
Brown and Creton [17,18] using the so-called JKR tech-
nique [19]. They examined the adhesion between poly-
isoprene (PI) elastomer lenses and a glassy polysty-
rene (PS) substrate, and how the adhesion changed
when thin layers of P(S-b-I) diblock copolymer were
deposited at the interface. The threshold toughness
increased linearly with the areal density of the copoly-
mer chains, in agreement with the prediction of the
weak junction models of chain pullout [20–22]. How-
ever, the increase of G0 with molecular weight did not
show the linear dependence on N expected from the
models.

Leger and coworkers [23–25] studied the adhesion
of silicone elastomers to silicon substrates modified
with poly(dimethyl siloxane) brushes. Adhesion tests
exhibited a maximum in the adhesion energy with
change in the areal density of the PDMS brushes. This
was explained by the increasing difficulty in penetra-
tion of the brush molecules into the elastomer gel with
increase in brush areal density. The process of brush
interpenetration into the gel was found to be an exceed-
ing slow process, taking several days to weeks to come
to equilibrium.

The adhesion enhancement offered by block copoly-
mer addition is also affected by chemical grafting reac-
tions between the copolymer and the polymeric sub-
strate. Reichert and Brown [26] demonstrated that, for
the P(S-b-I) system, greater adhesion values could be
obtained by crosslinking the polyisoprene block copoly-
mer sequence into the PI elastomer. A copolymer that
is covalently linked to the elastomer phase must fail by
chain scission and therefore should serve as a good
model system for examining the Lake–Thomas [27]
theory of failure in crosslinked networks.
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Interfacial reactions/interactions are often sited as
an origin of the adhesion hysteresis phenomenon
observed in many studies of PDMS gel adhesion. Sil-
berzan et al. [28] attributed hysteresis, upon loading of
two PDMS hemispheres, to hydrogen bonding between
SiOH groups on the two surfaces. Perutz et al. [29]
observed adhesion hysteresis between PDMS net-
works, that had been deliberately hydrolyzed by expo-
sure to 0.1 M HCl aqueous solutions. Hysteresis was
found to increase with exposure time. When the silanol
end groups were replaced by reaction with hexameth-
yldisilazane (which replaces the end-group with a tri-
methylsilyl group), the hysteresis was reduced by up to
80%. In contrast, Emerson et al. [30] demonstrated that
the presence of SiH groups was not required for hys-
teresis to occur between toluene-extracted hemi-
spheres. Unreacted SiH groups were removed by reac-
tion with ethylene gas, but hysteresis was still observed.
In this case it was argued that hysteresis resulted from
the entanglement of chains across the interface.

Adhesion hysteresis has also been observed for
PDMS in contact with unlike substrates. Kim et al. [31]
observed adhesion hysteresis when PDMS hemi-
spheres were contacted with a variety of self-assembled
monolayers on silica surfaces. Hysteresis was observed
for PDMS hemispheres in contact with bare silicon
wafers. Less hysteresis was observed for a surface con-
sisting of carboxylic acid groups, an even smaller
amount of hysteresis was observed for a surface func-
tionalized with biphenyl groups, and virtually no hys-
teresis was observed for a surface modified with a per-
fluorocarbon. These differences were explained in terms
of specific interactions at the surface with the high
degree of hysteresis observed against bare silica sub-
strates resulting from hydrogen bonding. Choi et al. [32]
examined the effect of increased acidity on the adhe-
sion between PDMS hemispheres and various OH func-
tionalized self-assembled monolayers on gold sub-
strates. Adhesion increased with increasing acidity and
density of OH groups, though the relationship was
highly non-linear.

The present paper considers the use of a reactive
copolymer, with one glassy block and a second elasto-
meric block terminated with a reactive functional group,
to reinforce the interface between a glassy homopoly-
mer and an elastomer. The block copolymer can
mechanically bridge the polymer blend interface by
reaction of the functional group on the end of the elas-

tomeric copolymer block with residual functionality in
the elastomer gel and entanglement of the glassy poly-
mer block with the glassy homopolymer. The system
selected for study is a silane-terminated poly (styrene-
b-dimethyl siloxane) diblock copolymer deposited at
the interface between a poly (dimethyl siloxane)
(PDMS) elastomeric gel and a glassy PS substrate.
We previously reported that these surface-active
x-functional diblock copolymers can be used to create
smart surfaces with selective adhesion properties [33].
Polystyrene surfaces modified with the silane termi-
nated block copolymers selectively promoted adhe-
sion to PDMS substrates while surfaces modified with
carboxylic acid terminated block copolymers pro-
moted adhesion selectively toward poly (methyl meth-
acrylate) substrates. We have also shown that the occur-
rence of an interfacial reaction in this system is
responsible for the adhesion hysteresis observed in finite
rate adhesion tests [34] performed by the JKR tech-
nique. The purpose of this paper is to investigate the
mechanism of adhesion promotion by these reactive,
end-functional block copolymer brushes when applied
to the interface between a PDMS gel and a PS sub-
strate.

2. Experimental

2.1. Materials

End-functional poly(styrene-b-dimethyl siloxane)
diblock copolymers in which the siloxane block was
terminated with a reactive silane group were synthe-
sized by standard anionic methods using sec-butyl
lithium as the initiator and dimethyl chlorosilane as the
terminating agent. This procedure provides reactive
silane functionality at the end of the PDMS block. Char-
acteristics of the polymers employed in this study are
listed in Table 1. In view of the difficulties in determin-
ing absolute molecular weights and polydispersities of
block copolymers, characterizations were performed by
multiple groups using size exclusion chromatography
(SEC) calibrated with polystyrene standards and by
simultaneous size exclusion chromatography laser light
scattering (SEC/LS). Since absolute molecular weight
data was not available for all of the samples we have
not attempted any type of universal calibration of the
molecular weight. Instead, we employ the GPC molecu-
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lar weight when examining results, recognizing that
these values are about 20% below the absolute values.

The sample nomenclature adopted for the block
copolymers is P(S-b-DMS)XK, where X is the SEC
average molecular weight of the PDMS block. Thus
the block copolymer with SEC average molecular
weight of 65 000 is denoted as P(S-b-DMS)65 K. The
PS composition of each diblock copolymer was ob-
tained by Ultraviolet–Visible spectroscopy (UV) and
through analysis of the refractive index increment. The
end-functional PS homopolymer, PS–Si–(O–CH2–
CH3)3 with Mn = 160 000 g/mol and Mw/Mn = 1.05, was
synthesized anionically by terminating a living
polystyryl-lithium anion with trimethoxychlorosilane.
a,x-Divinyl-terminated PDMS with a viscosity of
100 cs (MW = 6000 g/mol), purchased from Petrarch
Systems, was used as the starting materials for the
lenses. The crosslinking agent (182 cure agent,
MW≈2000 g/mol) for the lenses, provided by Dow
Chemicals Co., was poly(methylhydrosiloxane-co-
dimethylsiloxane) copolymer containing 30–35% meth-
ylhydrosiloxane. The catalyst for the crosslinking reac-
tion was PC075 (Petrarch Systems), a platinum-
divinyltetramethyldisiloxane complex (3–3.5%
platinum).

2.2. Sample Preparation

An addition cure reaction was employed to make
the PDMS lenses. The bond formation is via a hydrosi-
lylation reaction between the Si–H group of the cure
agent and the C=C group of the divinyl-terminated
PDMS in the presence of a platinum complex. The
PDMS lenses were made by a procedure similar to that
described by Chaudhury [35]. A glass slide was im-
mersed in a hexane solution containing about 0.35%
silane coupling agent ((tridecafluoro-1,1,2,2-tetra-
hydrooctyl)-1-trichlorosilane) for 1 min. The coupling
agent reacts with the glass substrate via a hydrolysis

reaction followed by a condensation reaction. The
resulting surface has a low surface energy due to the
fluorine groups. A melt that contained a divinyl-
terminated PDMS, 0.2% of the platinum complex and
9–18% 182 cure agent was dropped on the pre-coated
slide (using a pipette) to form hemispherical lenses.
High-contact-angle drops were obtained due to the low
surface energy of the pre-coated slides. The lenses were
then transferred to an oven and cured at 65 oC for vari-
ous amounts of time.

Some cured lenses were immersed in toluene for 1 h
and then in a second bath of toluene for 1 h to remove
free chains (sol fraction). In order to avoid cracking the
samples, the swollen lenses were first partially deswol-
len in a 1:1 toluene–methanol mixture and then dried
in air. A sol fraction of approximately 6% was deter-
mined by weighing the lens before and after the clean-
ing procedure.

In order to inhibit the occurrence of chemical reac-
tions involving the terminal SiH group, a number of
lenses were treated after cure with a thiol solution [0.5%
1-dodecanethiol, CH3(CH2)11SH in toluene] for 2 h.
The sulfur groups poison the platinum catalyst con-
tained in the lens thus inhibiting hydrosilylation be-
tween terminal silane groups and residual vinyl groups
in the elastomer gel. The thiol treated lenses were sub-
sequently washed in toluene for 1 h, deswollen in the
1:1 methanol–toluene for 1 h, and finally dried in air.

Polystyrene coated silicon substrates were made by
spin coating (2000 rpm) a solution of 0.5% PS–Si–(O–
CH2–CH3)3 in toluene onto a silicon wafer and then
heating in a vacuum oven at 170oC for 1 h to complete
the reaction of PS to the silicon substrate. The wafer
with the grafted PS film was then washed with toluene
to remove unreacted PS. The thickness of the grafted
PS overlayer film was about 13 nm as measured by an
ellipsometer.

The copolymer films were deposited onto the PS-
coated substrates by spin coating a solution of the

Table 1
Characteristics of Block Copolymers (Molecular weights are in units of kDalton)

Sample
Designation

SEC
(Hu)

UV SEC
(Gallot)

SEC
average

SEC/LS
(Cotts)

dn/dc

Mtot MPDMS Mw/Mn xPDMS Mtot MPDMS MPDMS Mtot MPDMS φPDMS

P(S-b-DMS)47 K 109 54 1.10 0.495 68 40 47 102 57 0.44
P(S-b-DMS)54 K 91 55 1.08 0.604 80 52 54 108 68 0.37
P(S-b-DMS)60 K 101 58 1.08 0.574 103 63 60 139 81 0.42
P(S-b-DMS)65 K 110 62 1.08 0.563 108 68 65 n.a. n.a. n.a.
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copolymer in toluene. The copolymer film thickness
was varied by using different copolymer concentra-
tions and spin rates. After spin coating, substrates were
annealed in toluene vapor for 1 h and dried. The total
film thickness, including the PS and copolymer layers,
was measured by ellipsometry after annealing. The
thickness of the copolymer film was then obtained by
subtracting the thickness of the grafted PS layer from
the total film thickness.

2.3. Measurements

A lens was placed with its curved face in contact
with a coated substrate and then loaded with four glass
slides (18 g). A thin transparent PS film was sand-
wiched between the slides and the lens to prevent the
lens from sticking to slides after long loading times.
After the load was removed, the contact radius between
the lens and the substrate was measured as a function
of time. After the contact radius measurement, the
modulus and the radius of curvature of the same lens
were measured. All the measurements were carried out
at room temperature.

XPS measurements were performed with a Surface
Science Instruments SSX-100 Model 05 small spot
ESCA spectrometer, with a monochromatic Al Ka
source. 1000 eV survey scans were performed using a
600-micron X-ray spot and 150-eV analyzer pass
energy at a take-off angle h of 60o, corresponding to a
detection depth of approximately 7.5 nm. High-
resolution spectra (pass energy = 50 eV) for C, O, and
Si were taken at h = 10o (detection depth about 1.5 nm)
and h = 60o using a narrow aperture (6o-acceptance
slit).

An ellipsometer was used to determine the thick-
nesses of the PS and the block copolymer films. The
instrument was a Rudolph Research AutoEl-II auto-
matic ellipsometer with a laser light source of
k = 632.8 nm. The incident angle was 70o.A single layer
program was used to calculate the film thickness from
an input of the values of D and W. The thickness on
different spots of the film was measured to obtain an
average value. A Rudolph in-situ 1100 microellipsom-
eter with scanning stage was used to measure the small
changes in thickness that occurred when the copoly-
mer coated substrate was reacted with a,x-divinyl-
terminated PDMS. The latter experiment was employed
to estimate the functionality of the copolymer brushes.

A Zeiss optical microscope with 10 × 6.3 lenses was
used to obtain the contact radii of the PDMS lenses on
the substrate and the radii of curvature of the lenses.
The contact radius was measured using a reflection
mode since the lens was on top of a silicon wafer. For
the radius of curvature measurements, the lens was
placed vertically against the wall of a transparent holder.
A photograph of the lens was taken in a transmission
mode. Finally the geometry of the hemisphere was ana-
lyzed to obtain the radius of curvature.

A load measuring device designed by Dr. C. Creton
was used to obtain the moduli of the PDMS lenses. A
PDMS lens (curved side down) on top of a PS sub-
strate was placed on the device and loaded in the opti-
cal microscope. The contact radius of the lens on the
substrate was determined as a function of applied force.
The modulus of the lens was then calculated from the
following equation [19]:

(1)a3 =�R

K� � P + 3 p W R

+ � 6 p W R P + � 3 p R W �2 � 1⁄2 �
where a is the contact radius, R the radius of curvature,
K the effective modulus (= (16/9) E, E: Young’s
modulus), P the weight of the lens, and W the work of
adhesion of the lens and the substrate. Knowing the
radius of curvature and the effective modulus of the
lens, the fracture toughness of the interface (Gc) was
calculated as [36]:

(2)Gc =
1

6 p K a3 �K a3

R
− P�2

3. Results and Discussion

3.1. Organization and reactivity of the copolymer
layers

When the P(S-b-DMS) diblock copolymer is spin-
coated onto the PS coated substrate, it spontaneously
self-organizes so that the PDMS blocks are adjacent to
the air interface. This organization allows the PS blocks
to interpenetrate with the grafted PS layer on the sub-
strate and minimizes the surface energy of the system
by locating the lower surface tension PDMS block at
the air–polymer interface.
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The as-coated copolymer layer was annealed in
toluene vapor to facilitate the organization of both
blocks to their preferred positions. The surface compo-
sition of the substrate coated with 15.0 nm of P(S-b-
DMS)65 K was evaluated by X-ray Photoelectron Spec-
troscopy (XPS) before and after the toluene anneal. The
atomic concentrations at detection depths of 1.5 nm and
7.5 nm are listed in Table 2. The Si/O ratio at low depths
is close to unity, indicating that there is a layer of pure
PDMS covering the substrate that is at least 1.5 nm
thick. In the deeper probe, some polystyrene is detected
and the Si/O ratio deviates from unity, indicating that
the thickness of the pure PDMS surface is less than
7.5 nm thick. The lack of an annealing effect indicates
that organization of the copolymer is sufficiently rapid
to occur during the spin coating process. However, all
samples were annealed in toluene vapor before use for
consistency.

Contact angle measurements were carried out to
characterize the surface composition of copolymer lay-
ers with various molecular weights. Fig. 1 shows con-
tact angles of water for P(S-b-DMS)65 K layers as a
function of the copolymer thickness at 30 oC. The first
point corresponds to zero copolymer density, that is to

say, pure PS. The measured value, 87.4o ± 0.6o, agrees
well with the reported literature value of 87o for PS.
[37] The contact angle increased sharply with the
copolymer thickness and reached a constant value for
thicknesses above 1.4 nm. The plateau value is about
104o, which is the same as the value for water on a
PDMS monolayer [38]. This result implies that a layer
of P(S-b-DMS)65 K with a thickness of 1.4 nm is thick
enough to provide full coverage of PDMS over the PS
substrate, consistent with what was found from XPS.
The low value of contact angle at thickness of 0.8 nm
may be due to the low coverage of the copolymer chains
(perhaps forming patchy structures or mushrooms) on
the PS substrate. A similar effect has been observed for
the contact angles of water on a derivatized PMMA
layer adsorbed on a gold substrate [39]. Water contact
angles for copolymer layers with different molecular
weights at fixed areal density are listed in Table 3. The
contact angles are about the same for all the molecular
weights, indicating that the surface is covered com-
pletely by PDMS at this chain density.

The reactivity of the Si–H groups of a copolymer
layer were determined by measuring the amount of a,x-
vinyl-terminated PDMS (MW = 41 000) that could
react with the layer. The measurement was done by first
using the scanning ellipsometer to make a thickness
scan across the sample then placing a catalyzed drop of
the PDMS on the substrate for 24 h. The drop showed a
finite contact angle on the substrate.After 24 h, the drop
was washed off with hexane and a second thickness
scan was made. As the ellipsometer showed a certain
amount of long term drift it was essential to ensure that
the drop covered only a fraction of the scan length.

Typical results concerning the change in ellipsomet-
ric angles D and W between the two scans are shown in
Fig. 2. The results in this figure correspond to a thick-
ness change of 0.63 ± 0.04 nm. Studies of Langmuir–
Blodgett films of functional PDMS showed that loop
conformations with both chain ends attached to the

Table 2
Atomic Compositions of P(S-b-DMS)65 K (15 nm film thickness)

Conditions Depth
(nm)

%C %O %Si O/Si %PS

As deposited 1.5 49.5 24.7 25.8 0.96 0
7.5 57.3 22.3 20.4 1.1 9

Annealed 1.5 50.4 24.1 25.5 0.95 0
50.0 24.7 25.3 0.98 0

7.5 57.3 22.3 20.4 1.1 9

Fig. 1. Water contact angle as a function of the 68 K copolymer over-
layer thickness.

Table 3
Water contact angles on P(S-b-DMS) coated substrates (areal den-
sity is 0.01 chains/nm2)

Sample
designation

Water contact angle
(degrees)

P(S-b-DMS)47 K 103
P(S-b-DMS)54 K 103
P(S-b-DMS)60 K 103
P(S-b-DMS)65 K 104
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water subphase were possible for molecular weights in
excess of about 2000 Daltons [40]. Thus it is possible
that either one or both ends of the divinyl PDMS may
have reacted with the surface silane groups on the
copolymer brush. Analysis of the thickness of the
grafted PDMS layer leads therefore to estimates of the
copolymer silane functionality in the range 7–14% for
P(S-b-DMS)65 K. The low functionality may be the
result of poor efficiency in terminating the living
copolymer with dimethylchlorosilane or might be the
result of a slow reaction of terminal silane groups with
atmospheric moisture.

3.2. Elastic properties of the lenses

A load-and-unload experiment using the load mea-
suring device was carried out to examine the mechani-
cal hysteresis of the PDMS lenses. The applied force
(P) was increased stepwise to the final load and then
released stepwise to the initial load. At each load, the
radius of the contact zone (a) between the lens and the
PS substrate was measured. Fig. 3 shows the plot of a3

vs. P where the open circles and filled circles represent
the loading and unloading cycles, respectively. Signifi-
cant hysteresis was not observed. A similar test under

condition of 16-h loading with 18 gm slides, again pro-
vided no evidence for hysteresis, illustrating that the
lenses all exhibit linear elastic response.

3.3. Effect of experimental conditions on interfacial
toughness

From a conceptual point of view, there are two
mechanisms for an end-functional diblock copolymer
to reinforce the interface between two immiscible
homopolymers. If the rubbery copolymer sequence
interpenetrates with the rubbery homopolymer gel,
chain pull-out forces may lead to an increased interfa-
cial toughness, as described by the weak junction theo-
ries of de Gennes and co-workers [20,21]. If the func-
tional end group of the copolymer reacts with the gel,
deformation of the interface becomes similar to the frac-
ture of crosslinked rubbers, as considered by Lake and
Thomas [27]. A number of experimental conditions
were varied in order to determine the contributions of
each of these possible mechanisms. In the case of an
interfacial hydrosilylation reaction between the silane
end group and residual vinyl groups in the PDMS gel,
the degree of reaction and therefore the interfacial
toughness was controlled by adjusting the reaction sto-
ichiometry (i.e. the concentration of residual vinyl
groups and copolymer end-groups) and by poisoning
the platinum catalyst. When the catalyst is poisoned,
the reaction does not occur and any increase in interfa-
cial toughness noted can be ascribed to the effects of
chain pull-out across the interface.

Fig. 2. The change in ellipsometric angles D and W caused by lea-
ving on the substrate a drop of catalyzed vinyl-ended PDMS poly-
mer for 24 h then washing it off. The drop was only on the right hand
half of the scanned strip.

Fig. 3. Hysteresis test of the lens (i.e. contact radius cubed versus
force) on a neat polystyrene substrate (circles: loading; squares: unloa-
ding).
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3.3.1. Effect of catalyst poisoning
A simple experiment was carried out to assess the

importance of the hydrosilylation reaction that can
occur across the interface. The cured lenses were sepa-
rated into two batches. One batch of reference lenses
was swollen with toluene to remove the sol fraction.
The other batch was treated with a thiol solution as
described earlier to deactivate the catalyst and hence
inhibit the hydrosilylation reaction between the termi-
nal Si–H groups on the PDMS blocks and residual vinyl
groups of the gel. Adhesion experiments were carried
out for both batches of lenses on PS–PDMS coated sub-
strates and on substrates coated only with PS.

The results showed that the PS–PDMS layer in-
creased the fracture toughness of the interface signifi-
cantly for the reference lenses, for which the interfa-
cial reaction could take place. For the thiol treated
lenses, for which the reaction could not occur, the
diblock copolymer had no effect on the interface adhe-
sion and the interfacial toughness was about 0.05 J/m2,
equivalent to the value obtained in the absence of
copolymer.

The Dupre thermodynamic work of adhesion, Wa ,
between PS and PDMS can be calculated [37] from
known interfacial energies:

(3)Wa = cPS + cPDMS – cPS⁄PDMS

where cPS/PDMS is the interfacial tension between PS
and PDMS homopolymers, and cPS and cPDMS are the
surface tensions of PS and PDMS, respectively. The
surface tensions for PS and PDMS of infinite
molecular weight are 40 mN/m and 20 mN/m [37],
respectively, and the interfacial tension is about
5 mN/m [8]. With these values, the calculated work of
adhesion is 0.055 J/m2, close to the experimental
adhesion measured for the unmodified interface. In the
absence of reaction therefore, the block copolymer
does not enhance the interfacial toughness, implying
that chain pull-out forces are negligible for this
interface.

3.3.2. Effect of the lens-curing conditions
The stoichiometry of the curing reaction influences

the adhesion measurement in two ways. First, the con-
centration of hydromethyl siloxane curing reagent used
controls the molecular weight between crosslinks and
therefore the modulus of the gel. Second, the concen-
tration of residual vinyl groups available for the inter-

facial hydrosilylation reaction is related to the concen-
tration of excess vinyl groups in the gel formulation.
Fig. 4 shows the effect of cure agent concentration on
the contact radius. As the cure agent concentration
increases, the interfacial toughness (i.e. G ∝ a3, see
equation (2)) decreases steadily, reflecting the associ-
ated decrease in residual vinyl groups. The decrease in
toughness continues beyond the stoichiometric concen-
tration of 15%, an expected result since it is likely that
the curing reactions at the surface do not go to comple-
tion at stoichiometric conditions (Fig. 5).

The effects of the gel stoichiometry upon adhesion
were also studied by comparing contact radii of equiva-
lent gels on P(S-b-PDMS) coated substrates with con-
tact radii on PS substrates without copolymer coatings.
The copolymer layers enhanced the adhesion only for
concentrations of cure agent less than the approxi-

Fig. 4. The effect of cure agent concentration on contact radius.

Fig. 5. The fracture toughness as a function of the crack propagation
rate for different cure times (circles: 15 min; squares: 30 min; up
triangles: 60 min; down triangles: 90 min).
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mately stoichiometric value of 15%, that is, when there
are residual vinyl groups available to react with the
silane end groups in the copolymer layer. At a cure tem-
perature of 65 °C, the contact radii on both substrates
were independent of cure time for times of 60 min and
longer.

Fig. 6 demonstrates that the interfacial fracture
toughness is also dependent upon cure time. The cur-
ing reaction involves reaction of the vinyl groups of
the divinyl-terminated PDMS with the Si–H groups of
the cure agent in the presence of a platinum catalyst to
form the cross-linked lenses. As the cure reaction pro-
ceeds, progressively fewer residual vinyl groups teth-
ered to the gel are available to participate in the inter-
facial reaction with the silane functional block
copolymer layer with which it is in contact. Two regions
of behavior are evident in the figure: a low rate region
where the toughness increases rapidly with the crack
growth rate, and a high-rate region where the tough-
ness reaches a saturation value and increases only
slightly with crack rate. The dependence of G upon V
is approximately linear in the slow-rate region, allow-
ing for determination of the threshold toughness, Go,
by extrapolation to zero crack rate. The threshold tough-
ness (Fig. 6), decreases with increasing the cure time.

It is evident from these results that the adhesion
enhancement afforded by the reactive end-functional
block copolymer originates from the interfacial hydrosi-
lylation reaction between the silane groups on the
copolymer chain end and unreacted vinyl groups in the
PDMS lens.A standard procedure for fabricating lenses
was therefore adopted for further experiments aimed at

defining more quantitatively the effects of chemical
bridging across an interface on the interfacial fracture
toughness. The concentration of cure agent had to be
low enough to leave enough free vinyl groups to react
with the silane end groups of the copolymer, yet large
enough to produce a reasonable modulus in the lens.
Thin copolymer layers were used to provide a low areal
density of silane end groups so that residual vinyl
groups from the gel could be considered to be in excess.
The silane groups were therefore the limiting reactant
for the interfacial hydrosilylation reaction. The curing
time was chosen to be long enough to ensure complete
reaction of the crosslinking agent (i.e. silane was the
limiting reactant for the elastomer gel) before the lens
was placed in contact with the substrate.

The standard procedure adopted was to use 9% cure
agent, to cure at 65 oC for 2 h, to wash in toluene and to
dry as described in the experimental section. Remov-
ing unreacted divinyl PDMS chains ensured that all
residual vinyl groups were tethered to the gel such that
further reaction with the silane end group of the copoly-
mer chains resulted in a covalent bridge across the inter-
face. The effective modulus K of the standard lenses
obtained from the average value of 25 samples was
2.28 ± 0.15 MPa. The average molecular weight be-
tween crosslinks estimated from the affine model [41]
was 5700 g/mole. The lenses have approximately 60%
excess of vinyl groups based upon the stoichiometry
and reported functionality of the lens precursor poly-
mers.

3.3.3. Effect of dwell time
In the adhesion measurements, the lens was forced

into contact with the copolymer coated substrate by
applying a weight for a fixed dwell time, after which
the weight was removed. Fig. 7 illustrates the effect of
dwell time for standard lenses loaded on P(S-b-
DMS)65 K substrates (2.4-nm copolymer thickness).
At a dwell time of four hours, the copolymer had no
influence on the interfacial toughness. The lens detached
from the substrate instantaneously when the load was
released, similar to the behavior observed for the neat
PS/PDMS interface. When the dwell time was increased
to 8 h, the copolymer started to show enhanced adhe-
sion. A slight time dependence of G was observed in
the slow rate region and the value of G0 was three times
the work of adhesion (Wa) for a neat PS/PDMS inter-
face. The threshold fracture toughness, shown in Fig. 8,

Fig. 6. Extrapolated threshold toughness as a function of the cure
time.
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achieved its maximum value for a dwell time of about
16 h. In this case, the value of G0 was about eight times
that of Wa. Dwell times longer than 16 h did not change
the fracture toughness significantly.

In the case of copolymer-modified interfaces, the
observed increase in interfacial toughness with dwell
time [42,43] has been attributed to a number of mecha-
nisms. An elastomer, which undergoes deformation,
will creep and wet the surface. This process is found to
be particularly important when the materials have rough
surfaces [44,45]. Brown and co-workers [13,14] found
that, for a polystyrene (PS)/polyisoprene (PI) system,
the equilibrium dwell time for the chain pull-out experi-
ment was about 4 h, while that for the peel test was
about 10 days. The difference was attributed to the dif-
ficulty in obtaining smooth and clean surfaces to be

joined for the peel test, so the long process was con-
nected with slow surface flattening. The second mecha-
nism is the diffusion of the free ends of the polymeric
chains across the interface [46–49]. Dwell time effects
can also be caused by surface blooming where vulca-
nizing ingredients from the bulk of rubber migrate to
the surface. This process increases the surface energy
of the materials and subsequently their adherence.

It is unlikely that the dwell time effect in the present
system was due to any of these previously reported
effects. The lenses were cleaned with toluene directly
before loading so that surface bloom effects can be ruled
out. The lack of interfacial reinforcement when the cata-
lyst is poisoned also tends to rule out any time effects
due to the kinetics of chain interpenetration. Further-
more, the dwell times employed herein are signifi-
cantly shorter than those found to be necessary for the
interpenetration of tethered PDMS brushes into PDMS
gels. [25]. The dwell time effect in our study is there-
fore most likely associated with the kinetics of the inter-
facial hydrosilylation reaction between the terminal
silane groups of the PDMS blocks and the vinyl-
terminated PDMS dangling chains in the elastomer net-
work. Since a loading time of 16 h was found to pro-
duce an apparent steady state toughness for the longest
block copolymer, we have fixed the dwell time at
16 hours in the remainder of the experiments.

3.3.4. Effect of copolymer areal density
Fig. 9 shows the variation of toughness with the crack

propagation rate for a range of copolymer areal densi-

Fig. 7. The fracture toughness as a function of the crack propagation
rate for different dwell times (dashes: 4 h; circles: 8 h; squares: 16 h;
triangles: 24 h).

Fig. 8. Extrapolated threshold toughness as a function of the dwell
time.

Fig. 9. The fracture toughness as a function of the crack propagation
rate for different areal density (chains/nm2) of the copolymer chains.
(circles: 0.004; squares: 0.008; up triangles: 0.012; down triangles:
0.013; diamonds: 0.016) [P(S-b-DMS)65 K].
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ties (with a copolymer layer thickness up to 2.9 nm)
for P(S-b-DMS)65 K. The toughness was increased by
a factor of 16 by the presence of only 0.016 chains/nm2

at the interface. Two regions of behavior are again evi-
dent in these data. Fig. 10 illustrates that the depen-
dence of G on V is approximately linear in the slow
rate region allowing determination of the threshold
toughness, Go, by extrapolation to zero crack velocity.

It is noteworthy that crack velocities less than 1 nm/s
are required to reach behavior that can be successfully
extrapolated to zero crack velocity. Similar qualitative
behavior was observed previously for interfaces tough-
ened with P(S-b-I) diblock copolymers [13,14].A rapid
linear increase in G for velocities above 2 nm/s was
attributed to energy losses associated with pullout of
bridging copolymer chains from the bulk elastomer and
a slight increase of G with crack velocity in the high
rate region was attributed to bulk viscous losses in the
lens. The linear dependence at low rates is coincident
with the prediction from chain pullout models [50]. It
is unlikely, however, that these same interpretations can
be applied to the present case, where the adhesion
enhancement originates from the interfacial reaction
between the diblock copolymer and the network.

The threshold toughness, at low concentrations,
depends linearly on the areal chain density of the
copolymer P(S-b-DMS)65 K, R, as shown in Fig. 11.
This result is consistent with an adhesion mechanism
involving the formation of covalent bridges between
the copolymer and gel. If the degree of reaction of the
copolymer silane end groups is independent of the areal

density, it is apparent that the density of covalent bridges
across the interface is directly proportional to the
copolymer areal density. When a crack propagates along
the interface, the copolymer chains that have reacted at
the interface must either break or pull out from the PS
under layer. The possibility of chain pullout in a glassy
polymer such as PS is controlled by the molecular
weight of the polymer. When the molecular weight
increases above about 1 to 3 times the entanglement
molecular weight, Me, the pullout becomes sufficiently
difficult that failure occurs by chain scission [51,52].
The longer two diblock copolymers used in this work
had a molecular weight of about 2.2 Me, while the
shorter pair had a PS molecular weight of about 1.4 Me.
It would seem likely that failure occurred by chain scis-
sion for the longer copolymers, but pullout of the PS
block from the PS substrate is possible for the shorter
diblock copolymers.

The threshold toughness for P(S-b-DMS)60 K
attains a constant value at areal densities above an
apparent surface saturation concentration as shown in
Fig. 12. Surface saturation occurs when the copolymer
layer reaches complete monolayer coverage. At higher
concentrations, the formation of islands can be detected
visually, indicating the formation of multilayers. Once
multilayers are formed, the interfacial bridging mecha-
nism is compromised. Thus one expects a maximum
adhesion enhancement for a concentration correspond-
ing to one complete monolayer for which the surface
density of reactive silane groups is optimal.

The interfacial toughness measurements provide
strong evidence that the adhesion enhancement for our
interfaces modified with reactive end-functional block

Fig. 10. The fracture toughness as a function of the crack propaga-
tion rate in the slow rate linear regime for different areal density
(chains/nm2) of the copolymer chains (circles: 0.004; squares: 0.008;
up triangles: 0.012; down triangles: 0.016) [P(S-b-DMS)65 K].

Fig. 11. Extrapolated threshold toughness as a function of block copo-
lymer areal density [P(S-b-DMS)65 K].
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copolymers is the result of covalent bridges formed
across the interface between the copolymer brush and
the elastomer gel. This situation is therefore similar to
the failure of an elastomer network, for which bridging
chains must undergo scission. Lake and Thomas [27]
proposed a model for failure of crosslinked elastomers
that considers the energy required to break a bridge or
strand, defined as the length of chain between cross-
links. The strand is stretched until each main chain bond
has a stretching energy equal to its dissociation energy,
U, and then ruptures, releasing the stored energy as heat.
If there are n main chain bonds per repeat unit, Nx repeat
units between crosslink points and Wa is the work of
adhesion, the theory predicts

(4)Go − Wa ≅ U n Nx R

The model has been shown to work well for low
speed, high temperature cohesive failure of a number
of well-crosslinked elastomers. However in cohesive
failure of a network R and Nx are not independent vari-
ables but combine to form a term dependent on Nx

1/2 so
the model cannot be fully tested. The situation where
the degree of polymerization between crosslinks is low,
Nx > Ne is not as well studied as the well crosslinked
situation when Nx < Ne. Mazich et al. [53] showed that
when Nx > 2 Ne, Go no longer increased as Nx

1/2, but
was approximately independent of Nx.

It is valuable initially to compare the data in Fig. 11
with the prediction of the Lake–Thomas model, ignor-
ing any entanglement issues. From the gradient of this
plot we obtain a fracture energy of about 2.4 × 10−17

J/chain. However earlier model experiments showed
that only 7–14% of the copolymer chains react so the
an apparent fracture energy per reacted chain is esti-

mated to be 1.7–3.4 × 10−16 J. The dissociation energy
for the Si–O bonds of the PDMS copolymer sequence
is 8.9 × 10−19 J, while that of the C–C bonds in the poly-
styrene backbone and the Si–C linkages connecting the
PDMS sequence to both the gel and the styrene se-
quence is 6.1 × 10−19 J. Fracture is therefore expected
to occur at the gel–copolymer junction or within the
polystyrene sequence when the stored energy for each
bond in the PDMS strand reaches 6.1 × 10−19 J. Using
this value, the fracture energy is consistent with a
number of 280–560 main chain bonds, or a molecular
weight of 10 000–20 000 in the fractured strand. This
number has to be compared with the actual molecular
weight of the strand that couples the network to the
substrate. The PDMS part of the copolymer had a GPC
average molecular weight of 65 000 and it is assumed
to end react with a network strand of molecular weight
of about 6 000 for a total strand molecular weight of
74 000. Clearly the actual molecular weight is several
times larger that calculated from this direct application
of the Lake–Thomas model.

At this point it is valuable to consider how well the
Lake–Thomas model works for well-crosslinked PDMS
networks where entanglement is not an issue. The Lake–
Thomas theory for cohesive failure in a well crosslinked
network can be applied to calculate an effective value
of 5.0 × 10−19 J for the bond-dissociation energy from
the data of Gent and Tobias [54] and of Yanyo and
Kelley [55] quoted by Mazich et al. Clearly the Lake–
Thomas theory works very well. The most likely expla-
nation for the result obtained here is that, when the
length of the strand between crosslink points is much
greater than the entanglement length, the energy loss
corresponds to just a length controlled by the entangle-
ment spacing (the molecular weight between entangle-
ments is about 10 000 for PDMS [56]). Similar criteria
have been proposed previously for cohesive failure but
in cohesive failure it is not possible to separate the num-
ber of strands per unit area from their effective length.
The results presented here suggest that the effective
length for energy loss is one to two times the entangle-
ment spacing.

3.3.5. The effect of copolymer molecular weight
The effects of molecular weight are illustrated in

Fig. 13, which shows the variation of fracture tough-
ness with the crack growth rate for 4 copolymers of
differing molecular weight but fixed areal density

Fig. 12. Extrapolated threshold toughness as a function of block copo-
lymer areal density [P(S-b-DMS)60 K].
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(0.013 chains/nm2). The two lower molecular weight
copolymers provided only a small enhancement in
toughness compared to the bare PS substrate. These
copolymers had relatively short PS blocks and perhaps
failure occurred by pullout from the PS underlayer. P(S-
b-DMS)65 K gave a significantly higher toughness than
P(S-b-DMS)60 K. The reason for this result is not clear
as, for these copolymers, the PS molecular weights were
the same, PDMS molecular weight difference was small
and the reactivity of the Si–H groups was about the
same. The threshold toughness obtained by extrapola-
tion of the low rate data (see Fig. 14) does increase
with molecular weight as shown in Fig. 15. The errors

in the data however are too large however to determine
whether the threshold toughness scales linearly with
molecular weight of the PDMS copolymer sequence as
would be predicted by the Lake–Thomas theory.

The data also suggest the existence of a threshold
PDMS block molecular weight of about 55 000 that is
not predicted by the theory. That is, an enhancement in
threshold toughness over that of the bare substrate is
observed only for PDMS sequence molecular weights
above an apparent threshold of about 55 000. The results
suggest that the length of PDMS chain that contributes
to the fracture toughness is much shorter than the entire
sequence length. This conclusion is supported by our
previous analysis of the fracture energy per strand that
indicated a strand length of only 13–26% of the total
sequence length.

The energy dissipation model proposed here to
explain Go, which is based on the Lake–Thomas model,
does not require that the PDMS chains from the copoly-
mer penetrate into the network, it only requires that they
react with the network. However, as is evident from
Figs. 7,9 and 13, we also see considerable rate depen-
dence in G at low crack velocities. The rate depen-
dence is linear in crack velocity, scales linearly with
areal density of the block copolymer (see Fig. 16) and
increases with molecular weight (see Fig. 17). Hui et
al. [57] have very recently proposed a model for the
crack growth rate dependence of fracture that occurs
by chain scission based on a previous model by
Chaudhury [58,59]. They predict that, at very low crack
velocities, G varies linearly with V, but this regime only
occurs at velocities so low that (G – W)/W <<1. At high
velocities they predict that G ~ (ln V)2. We do not have
data over a sufficient range of V to compare with this
prediction.

Fig. 13. The fracture toughness as a function of the crack propaga-
tion rate for different molecular weights of the PDMS block all at
R ≈ 0.017 chains/nm2. The molecular weights of the block copoly-
mers in kDaltons are: 47 (circles), 54 (squares), 60 (up-triangles)
and 65 (down-triangles).

Fig. 14. The fracture toughness as a function of the crack propaga-
tion rate in the slow rate linear regime for different molecular wei-
ghts of the PDMS block all at R ≈ 0.017 chains/nm2. The molecular
weights of the block copolymers in kDaltons are: 47 (circles), 54
(squares), 60 (up-triangles) and 65 (down-triangles).

Fig. 15. Extrapolated threshold toughness as a function of the PDMS
block molecular weight.
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4. Conclusions

The fracture toughness of the interface between a
PS substrate and a PDMS elastomeric gel was increased
by placing a thin layer of silane end-functional diblock
copolymer at the interface. The threshold toughness
reduced to the pure thermodynamic work of adhesion
between PS and PDMS homopolymers in the absence
of block copolymer. The magnitude of adhesion en-
hancement was found to be proportional to the concen-
tration of residual vinyl groups in the PDMS elastomer
and vanished when the platinum catalyst was poi-
soned, indicating that adhesion enhancement origi-
nates from the interfacial hydrosilylation reaction
between terminal copolymer silane end groups and
residual vinyl functionality on dangling chains in the
PDMS elastomeric network. At low rates, the fracture
toughness increased linearly with the crack propaga-
tion rate, and gradually approached a saturation value.
At a fixed rate, the fracture toughness increased lin-

early with the areal density of the copolymer. A tough-
ness increase factor of 16 was afforded by the presence
of 0.016 chains/nm2 copolymer molecules at the inter-
face. The threshold toughness, obtained by extrapola-
tion to zero crack velocity, increased linearly with the
copolymer areal density up to a concentration corre-
sponding to full monolayer coverage. When the amount
of copolymer at the interface was fixed, the toughness
increased with increasing molecular weight of the
PDMS block. These results are compared to the predic-
tions of the Lake-Thomas model for fracture of elas-
tomers.
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