
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 22 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

The Journal of Adhesion
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453635

Optimum Polymer - Solid Interface Design for Adhesion Strength:
Carboxylation of Polybutadiene and Mixed Silanes Surface Modification of
Aluminum Oxide
Ilsoon Leea; Richard P. Woola

a Department of Chemical Engineering, University of Delaware, Newark, DE, USA

To cite this Article Lee, Ilsoon and Wool, Richard P.(2001) 'Optimum Polymer - Solid Interface Design for Adhesion
Strength: Carboxylation of Polybutadiene and Mixed Silanes Surface Modification of Aluminum Oxide', The Journal of
Adhesion, 75: 3, 299 — 324
To link to this Article: DOI: 10.1080/00218460108029606
URL: http://dx.doi.org/10.1080/00218460108029606

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713453635
http://dx.doi.org/10.1080/00218460108029606
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J .  Adhesion, 2001. Vol. 75, pp. 299-324 
Reprints available directly from the publisher 
Photocopying pcrmittod by license only 

Q 2001 OPA (Overseas Publishers Association) N.V. 
Published by liccnsc under 

the Gordon and Breach Science 
Publishers imprint. 
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Car box y I at ion of Pol y bu tad iene 
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Modification of Aluminum Oxide* 
ILSOON LEE and RICHARD P. WOOL1 
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(Received 25 Aprd 2000; In final form 4 October 2000) 

To understand the optimum design of polymer - solid interfaces for adhesion strength, 
model polymer ~ solid interfaces of carboxylated polybutadiene (cPBD) adhered to mixed 
silane modified A1203 surfaces were examined. The cPBD, having various -COOH 
sticker group concentration @(A') (0 - 10 mol YO), was synthesized through high-pressure 
carboxylation of PBD, while A1203 surfaces were modified to have various -NH2 
density, @(Y) (0- 100 mol YO). using self-assembly of mixed amine- and methyl- 
terminated silanes. The coadsorption kinetic model of the two silanes was analyzed 
through X-ray photoelectron spectroscopy (XPS), atomic force microscope (AFM), and 
dynamic contact angle (DCA), which gave the capability of controlling the receptor 
concentration of aluminum oxide surfaces. The polymer surface chain responses after 
exposure to various media were understood by measuring contact angle changes of various 
probe liquids. T-peel tests of the model polymer-solid interfaces, as  a function of time 
and sticker and receptor group concentrations showed much longer time dependence than 
the characteristic time of a bulk polymer chain. Additionally, the classical equation 
of interface failure was re-examined to see the effects of deformation rate, annealing 
temperature, and annealing time. A simple scaling analysis of free energy of a n  adsorbed 
polymer on a solid surface was extended to predict the adhesion potential of the model 
polymer -solid interfaces. From the experiments and theory of adhesive YS. cohesive 
failure, it was found that there existed an optimum product value r' =@(a$( Y)x of 
sticker concentration @(a, receptor concentration @( Y), and their interaction strength x, 
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which was approximately 150 cal/mol for this polymer-solid interface. Relow or above 
this optimum product value r * ,  the fracture energy of polymer- solid interfaces, GIc, was 
less than its optimal value, GI,*. 

Keyword?: Adhesion; Optimum design; Carboxylated polybutadiene-aluminum inter- 
faces; T-peel tests; Self-assembled silanes; Sticker groups; Contact angle; AFM analysis; 
XPS analysis; SEM analysis 

1. INTRODUCTION 

The interfaces between hydrophobic polymers, such as polyethylene 
(PE), polypropylene (PP), polybutadiene (PB), and polystyrene (PS), 
and hydrophilic solid surfaces, such as metal, glass, and wood, are 
extremely weak. This is because there are no specific interactions ex- 
cept for dispersive forces by van der Waals interactions between poly- 
mers of low surface energy and solid surfaces of high surface energy. 
The van der Waals interactions at  the polymer-solid interfaces are 
not enough to make the failure occur cohesively in polymer layers, 
since the polymer chains are entangled with van der Waals interactions 
and some other interactions which depend on the molecular com- 
ponents of polymers. To improve polymer adhesion on high energetic 
surfaces, functional groups (sticker groups) can be added to the poly- 
mer. For example, monomers of PE, PP, PB, and PS are copoly- 
merized with sticker monomers, such as maleic anhydride, acrylic acid, 
and sulfonic acid. In addition, surfaces of PE, PP, PB, and PS are 
chemically modified to have such stickers. These sticker groups can 
chemically interact with receptor groups placed on the solid surface. 
Specific sticker - receptor interactions which need to be stronger than 
van der Waals interactions, such as hydrogen bonds, acid - base 
interactions, or covalent bonds a t  the polymer- solid interfaces are 
required to make strong polymer- solid interfaces, which make the 
failure occur in polymer layers, resulting in improving the adhesion of 
polymers [l-41. As an example of the improvement of polymer 
adhesion, the poly(ethy1ene-co-acrylic acid) (PEAA) - aluminum (Al) 
interface is much stronger than polyethylene-aluminum interface [5 ] .  

For these modifications, giving polymers sticker groups, many 
industrial techniques are used. Plasma, laser, corona, UV, and ozone 
treatment, as well as copolymerization and chemical modification were 
developed for such purposes [6-81. The concentration and type of 
sticker groups along the polymer chain have been the critical issue of 
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POLYMER-SOLID INTERFACE DESIGN 301 

designing optimum polymer -solid interfaces [ 1 -81. Recently, because 
of technical limitation or the sudden change of polymer characteristics 
by the modification, i t  becomes more desirable to modify solid 
surfaces and to control the concentration and the type of receptors as 
well as modifying polymers to control the stickers. Understanding the 
interplay between stickers and receptors on a molecular level is crucial 
for an optimum design of strong polymer- solid interfaces. However, 
most research has been limited to determining the effect of the extent 
of modification on the improvement in material properties. 

The interplay of polymer sticker groups ( -  X) and substrate receptor 
groups ( -  Y) is the main factor controlling the structure and the 
strength of the polymer-solid interface. In this work, the problem 
was defined as the X- Y problem at the polymer-solid interface, as 
shown in Figure 1.  Because a polymer and a solid surface have multiple 
interacting sites, the interplay depends on sticker group concentration, 
receptor group concentration, and the sticker and receptor pairs. In 
regard to the X problem of polymer adhesion, various polymer- 
substrate systems have been studied [ 1 - 7,9,  lo]. Several copolymer- 
substrate systems have shown that there existed an optimum behavior 
of fracture energy as a function of sticker group concentration, as 
shown in Figure 2. The optimum concentration varied depending on 
stickers and receptors. It was qualitatively explained [lo] that the de- 
creasing fracture energy after the optimum concentration was due to 
the excessive interfacial bonds, which caused the interfacial chains to 
entangle with themselves rather than with the chains in the bulk. 

This optimum behavior in polymer adhesion appears to be universal 
because other simple adhesion systems have also shown that optimum 
adhesion behavior. The adhesion between a pseudo-brush and a poly- 
mer melt [ I  I ]  and the adhesion between immiscible polymer-polymer 

FIGURE 1 Schematic representation of the X -  Y problem at the polymer-solid 
interface. 
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FIGURE 2 Polymer sticker concentration effect on the fracture energy of cPBD-A1 
interfaces at 1000 minutes annealing time in which the receptor concentration were the 
same (100 mole YO -OH) and the peeling rate was 30 mm/min [lo]. 

interfaces reinforced by block copolymers [ 121 are such systems 
showing an optimum fracture energy as a function of areal density. 
For polymer brushes, the reason for such optimum behavior was 
explained by the concentration-dependent interdigitation between 
brushes and polymer melts [ll]; a t  low concentration, the interdigita- 
tion was high due to the random walk nature of the tethered chains, 
while, at high concentrations, the chains formed an organized brush 
with diminished interdigitation with the melt chains. Additionally, 
Inagaki et al. showed an optimum behavior in the peel strength of 
copper-perfluoroalkyl vinyl ether (PFA) as a function of remote 
hydrogen plasma treatment time [8]. All of these results indicate that 
the interface can be optimized through the selection of the molecular 
parameters that are responsible for the interface structure and 
strength. Phenomenologically, all of the systems above are the same. 
This is because the chain conformation of the polymer brushes on the 
solid surfaces and an adsorbed polymer chain from the polymer melt 
onto a plane surface can be analyzed in a similar way. The layer of 
adsorbed chain on a solid surface can be visualized as a succession of 
loops and tails. With the help of Guiselin’s approach, each loop made 
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of 2n monomers can be considered as two pseudo-tails of n monomers 
[13], so the two systems are basically the same. The optimum value of 
the sticker concentration, 4 ( X ) ,  however, should depend on the recep- 
tor concentration, 4( Y ) ;  4( Y )  strongly affects the restructuring pro- 
cess of an interfacial polymer chain, which determines the adhesion 
kinetics. Typically, most polymer adhesion studies have been discuss- 
ed after short annealing times based on the time scale of a bulk chain, 
such as terminal relaxation time, reptation time, and self-diffusion time. 
The restructuring time of a chain near an interface could be much 
longer than the relaxation time of a free bulk chain, up to lo5 times, 
depending on the enthalpic driving forces between a polymer and a 
solid surface [14]. An enthalpic driving force between polymer and 
surface can decrease the gap between the two characteristic times of a 
bulk chain and a tethered chain on a solid surface. Generally, different 
treatment methods have been compared with the surface energy relat- 
ing to thermodynamic work of adhesion. Fowkes and Mostafa related 
the work of adhesion to the enthalpy of sticker - receptor interactions 
[ 151. Their relation predicted that the work of adhesion increases with 
increasing number of sticker-receptor pairs per unit area of interface. 
However, this prediction cannot explain the optimum fracture energy 
behavior observed in many polymer - solid interface systems [ 1,8 - 101. 

In this work, polybutadiene was chemically modified to add 
-COOH sticker ( - X )  groups and aluminum oxide surfaces were 
treated with silanes to add -NH2 receptor (- Y )  groups. From these 
modifications weak PBD -Al interfaces were changed to strong cPBD- 
AIS (S = silane) interfaces. The fracture energy of these interfaces 
showed an optimum behavior as a function of sticker and receptor 
concentrations. Here the design strategy for an optimum polymer - solid 
interface is generalized, which is a function of sticker concentration, 
receptor concentration, and sticker - receptor interaction strength. 

2. EXPERIMENTAL 

2.1. Carboxylation of Polybutadiene 

Polybutadiene (Firestone Diene 35A with M ,  = 98,000, M,, = 180,000 
and 10mol% vinyl groups) was chemically modified using a 
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high-pressure carboxylation reaction to have a small amount of 
carboxylic acid sticker groups, -COOH [9,16]. The extent of 
carboxylation of cPBD, c$x(COOH), was determined via FTIR using 
a KBr liquid cell and a standard calibration curve prepared using 
di-carboxy terminated polybutadiene (dPBD, M,, = 4,200). The glass 
transition temperature of cPBD was approximately - 90” C, and the 
distribution of -COOH was random along the polymer chain [16]. 
No significant chain scission or cross-linking was detected during the 
reaction [ 161. 

2.2. Mixed Silane Modification 
of Aluminum Oxide Surfaces 

The model substrates with varying density of -NH2 (0- lOOmol%) 
on AI2O3 were prepared using a self-assembly of mixed amine- 
terminated silanes (AS; y-aminopropyltrimethoxy silane; H2NCH2 
CH2CH2Si(OMe)3) and methyl-terminated silanes (MS; n-propyltri- 
methoxy silane; CH3CH2CH2Si(OMe)3). The details of silane self- 
assembly are well known [9,17]. The Al foil, purchased from Shim 
Stock Inc., was first pretreated overnight a t  300°C in an oven to ensure 
the formation of a stable layer of native oxide. The thickness of the 
Al foil was 25pm, and the roughness average (RA) was determined 
to be about 0.5 pm using a scanning white light interferometer (SWLI). 
The total combined concentrations of AS and MS in the mixed silane 
water solutions were 50mM (ca. 0.8 wt %). The pH of the solutions 
was maintained at 4.5 for all solution concentrations using acetic 
acid. To apply silane coatings, samples were dipped in solution for 
5 min. The silane-treated substrates were rinsed thoroughly with dis- 
tilled water to prepare monolayer-like silane coatings. After rinsing, 
the monolayer-like silane coatings were dried at  room temperature 
for 1 hour and then cured in an oven under N2 purging at 1 1  5°C 
for 30 minutes. The surface composition was determined by X-ray 
photoelectron spectroscopy (XPS). In addition, an atomic force 
microscope (AFM) and a dynamic contact angle (DCA) analyzer 
were used to characterize the model substrates further. The thickness 
of the silane coatings was uniform regardless of surface concentra- 
tions. However, it was not clear whether the model surfaces were 
monolayers, so they will be called “monolayer-like silane coatings” in 
this paper. 
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2.3. Interfacial Fracture Energy 

The fracture energy, Gic, of the AIS-cPBD-AIS interfaces was 
evaluated using a T-peel test, as illustrated in Figure 3. A layer of 
cPBD was uniformly cast from 2 wt % solution in toluene onto the 
substrate. The thickness of the cPBD was estimated to be approxi- 
mately I6 pm, based on volume of solution cast, surface area covered, 
and weight gain. After the toluene was evaporated under vacuum for 
15 min, another substrate was used to form AIS-cPBD-AIS sandwich 
structures. After being pressed together to ensure good contact, the 
AlS-cPBD-AIS structure was annealed under 4 kPa pressure at room 
temperature for different times. The jointed sandwich samples were cut 
into specimens with dimensions of 60mm in length and 10mm in 
width. The fracture energy, Glc, was obtained from the average of 
three tests per material and is given by 

2P 
Glc = - 

b ( 1 )  

where P is the peel load and b is the width of the test sample. 

2.4. Contact Angle Analysis 

The surface wetting properties of the monolayer-like silane coatings on 
Al2O3 and the cPBD-coated glass cover slides were investigated with a 

FIGURE 3 Schematic representation of T-peel test. 
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CAHN DCA analyzer using a Wilhelmy plate technique. Hexadecane, 
water (HPLC grade), and methylene iodide were used as probing 
liquids. Thicker aluminum foil (Shim Stock Inc., thickness of 250 pm) 
was used for monolayer-like silane coatings on A1203. The thick A1 
foils were cut into small pieces (24 mm x 50 mm x 0.25 mm). The Al 
pieces were coated with silanes using the preparation methods 
described in Section 2.2. Cover glass slides (Fisher, 24 mm x 50 mm x 
1 mm) were used for the cPBD-coated glass cover slides. The cover 
glass slides were immersed in a Nochromix-sulfuric acid solution for 
24 h, rinsed extensively with purified water (Fisher, HPLC grade), and 
then dried overnight in a vacuum oven at 100°C. The clean glass slides 
were dipped in dilute cPBD-toluene solution (1 wt YO) for 24h and 
then dried in air and under vacuum for 30min and 1 h, respectively. 
The plate-moving speed was 22 pm/s. 

2.5. AFM Analysis 

The silane coverage and two-dimensional distribution of AS and MS 
in the mixed monolayer-like silane coatings on A1203 were explored 
with an Atomic Force Microscope (AFM) in TappingModeTM. A 
silicon probe with dimension of 125 x 3 x 1 pm and a tip radius of 5 -  
lOnm was oscillated at  its mode-] resonance frequency and setpoint 
voltage between 50 and 55% of the free vibrational amplitude in air. 
The difference between the setpoint and the free amplitude was directly 
related to the amount of force applied to the surface during the 
imaging. To verify surface structures observed with AFM, untreated 
A1203 surfaces were also imaged. The AFM images of intermediate 
densities, between q5y= I and 4 y = 0 ,  appeared to be different from 
those of 4 y =  1, + y =  0, and the pure A1203. However, the images were 
not clear enough to distinguish the intermediate densities [ I  81. 

2.6. XPS Analysis 

The surface composition of the model substrates was analyzed by a 
Leybold-Heraeus XPS. This system has a monochromatic Mg K a  
X-ray source (hv= 1253.6 eV). The pressure in the sample chamber 
was maintained at  approximately lop9 Torr. Based on the Si peak 
intensities, the coverage and the thickness of the silane films on Al2O3 
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were determined to be uniform regardless of the receptor (-NH2) 
density. Based on the relative peak intensity of N l s  and Si2p peaks, 
the surface composition was determined [9]. 

2.7. SEM Analysis 

The fracture surfaces from the T-peel tests were characterized using 
scanning electron microscopy (SEM). SEM micrographs of the 
fracture surfaces were obtained with a JEOL 940 microscope operated 
at 5 kV. The fractured polymer surfaces were sputtered with gold 
under 25mA for 1 min. 

3. RESULTS AND DISCUSSION 

3.1. Model Substrate: Self-assembly 
of Mixed AS and MS 

Figure 4 shows the experimental results of the solution mole fraction 
vs. the surface mole fraction determined by XPS analysis, where the 
total combined concentrations remained constant. The results were 
fitted using a competitive adsorption model, which is discussed below. 

9 

0.8 
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A 

a P) 0.6 

; 
c 0.4 
0 
h 

g W 0.2 

ft" 
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t XPSdata XPSdata 
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0.0 0.2 0.4 0.6 0.8 1.0 
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FIGURE 4 Competitive coadsorption of AS and MS in solution onto A1203, 
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The formation of mixed silane layers with AS and MS is dominated by 
kinetic effects associated with hydroxyl groups on the aluminum 
surface [17]. This resulted in the irreversible formation of silicon- 
oxygen bonds with strengths of approximately 128 kcal/mol [19]. This 
factor was first addressed when studying mixed monolayer formation 
[20], and is equally applicable to our system where the adsorption 
reaction of the silanes to the A1 surfaces is quite fast. The adsorption 
rate of each adsorbate can be expressed by 

where r ,  surf, solu, and k represent adsorption rate, surface, solution, 
and reaction constant, respectively. The overall rate of silane layer 
formation is the sum of the incorporation rates of the individual 
adsorbates. 

Thus, 

In the experiment, the concentrations, c1 and c2, remained constant 
and can be converted to solution fractions, +(MS) and +(AS). In 
addition, the adsorption reaction rates do not necessarily have a first- 
order dependence on the solution concentration, thus, a parameter, n, 
can be included in the above equation [21]. The competitive adsorption 
of AS and MS was analyzed using Eq. (7). The data were fitted to 
determine the model parameters A and n of this system, as shown in 
Figure 4. 
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50 

where A is the ratio of apparent surface reaction constant, k',,/ka,. 
The first parameter A was determined to have a value of 2, which 
roughly means that MS adsorbed to A1203 twice as fast as AS. The 
second parameter n was determined to be 0.6, which means that the 
competitive adsorption reaction was negatively cooperative for AS. 
Mixed self-assembly is crucial in designing surfaces for biodetectors 
and in studying cell adhesion on biological substrates. In this work, 
model substrates formed by a self-assembly of AS and MS on Al2O3 
were used to understand the fundamentals of substrate receptor group 
effects on polymer adhesion. 

3.2. Contact Angle Analysis 

The surface restructuring of cPBD resulting from the diffusion and 
adsorption of COOH groups to interfaces were examined using 
contact angle analysis. Figure 5 shows the results of the advancing 
contact angles of hexadecane, water, and methylene diiodide on a 
cPBD surface (2.8mol% of COOH) in terms of contact time. The 
surface tensions of the probing liquids are 27.6, 72.6, and 50.8 dyne/cm 
at room temperature, respectively. Since sticker - receptor interaction 
strength at the molecular scale is more important than the surface 

40 1 a 
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tension of the probing liquid, the surface restructuring of cPBD 
cannot be simply related to the surface tensions of the probing liquids. 
The normalized contact angle, 8, vs. aging time of the cPBD-coated 
surfaces is shown in Figure 6. After the polymers are placed in contact 
with different media, the surface polymer chains restructure, depend- 
ing on the enthalpic driving force of the media and the entropic 
constraint of the polymer. The thermodynamic adhesion energies 
between -COOH (sticker group) and -CH3, -OH, and -NH2 
were reported to be less than I kcal/mol (van der Waals force), 3-5 
kcal/mol (hydrogen bond), and 16 N 25 kcal/mol (strong acid - base 
interaction), respectively [22]. Since the hydrophilic COOH groups 
have a specific interaction (hydrogen bonding or acid - base interac- 
tion) with hydrophilic media, e.g. ,  water and methylene diiodide, there 
exists a driving force for surface movement and restructuring of 
the polymer/media surface. No contact angle change was observed 
with hydrophobic media, such as hexadecane. This was expected, since 
there was no extra driving force for the hydrophobic medium to move 
COOH to the surface. It was shown that the individual adhesion 
strength between polymer sticker groups and the medium functionality 
was more important than the surface tension of the probing liquid, 

1.0 : 

0.8 : 

0.6 : 

0.4 : 

0.2 : 

0.0 c 

0 200 400 600 800 

t(min) 

FIGURE 6 Normalized contact angle (advancing) change of various probing liquids 
on cPBD (2.8 mole % -COOH) with contact time. 
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110 
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07, 95; 

because -12 groups caused faster restructuring of the cPBD surface 
(less than l00min) than -OH groups (approximately l000min). It 
can be concluded from this result that the surface energetics of the 
substrate toward polymer sticker groups is closely related to the 
interfacial chain restructuring process. This interaction results in, 
the interesting Glc  adhesion kinetics discussed in the following section. 
The characteristic restructuring time of the bulk polymer chain was 
only of the order of one minute [9]. but the contact angle changed in 
the experimental time scale was up to 1000 minutes. This indicates that 
the surface chain dynamics cannot be explained via the bulk chain 
dynamics such as reptation time, terminal relaxation time, and self- 
diffusion time. 

As shown in Figure 7, the water advancing contact angle, O,(H20), 
of the substrates with the pure AS ( c $ ~ =  1, total -NH2) was measured 
to be 83.5" (f 1.5") and with pure MS ( $ r = O ,  total -C03) was 96.8" 
(* 3"). The contact angle for the untreated A1203 (total -OH) was 
approximately 43" ( 6 3"). When determining the contact angles of 
the model surfaces, the A1203 surfaces were used, regardless of 
the measurement of the contact angles of the cPBD surfaces. This is 
because the cPBD on the cover glass slide were multilayers, but the 
monolayer-like silane coatings were monolayers that did not perfectly 

: 

: 

i 
4 -  --.. 

85 : 

80 : 

FIGURE 7 Contact angles (advancing) of water as a function of surface amine re- 
ceptor density. 
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form two-dimensional monolayer films on A1203. No significant 
changes between AS- and MS-treated surfaces were observed. This 
is because other methylene groups of AS also interact with water 
molecules and the terminal -NH2 groups of AS are apt to be 
contaminated by carbon-containing impurities, such as carbon di- 
oxide and bicarbonates. The mixed silane monolayer-like coatings 
0 < q 5 y <  1 showed large variations (6 to 11") but gave 8, values 
approximately along the linear interpolation line between the pure AS- 
and pure MS-coated substrates. Large variation of mixed monolayer- 
like silane coatings was normally shown in other mixed self-assembled 
systems [20]. From the literature [23], the 8,(H20) of monolayer- 
like silane coatings were reported as 88.4" ( f 4") for an AS-treated 
surface. 8,(H20) of the monolayer-like silane coatings varied with the 
length and the packing of carbon backbone chains, as well as the 
terminal functional groups [24]. The 8,(H20) was reported as 102" 
( * 2") for an n-butyltrichlorosilane-treated surface which has one 
more carbon chain (C4) relative to MS (C3), 62" to 76" for tert butyl- 
trichlorosilane (C4) treated surfaces, and 112" ( f 2") for octadecyl- 
trichlorosilane (CI 8) treated surfaces. 

3.3. Fracture Energy of the Model 
Polymer - Solid Interfaces 

3.3.1. Sticker Concentration 4(X) Effect 

The fracture energy, Glc, of the weak interface, the pure PBD - A1 and 
the pure PBD - AIS interfaces, was determined to be approximately 
10 J/m2 at all annealing times regardless of the substrate receptor 
group density. The pure PBD surfaces interacted with the model 
substrate by van der Waals forces. When a few percent of sticker 
groups was introduced onto the pure PBD through a high-pressure 
carboxylation reaction, Glc changed remarkably with the polymer 
sticker concentration, as shown in Figure 2. Figure 2 shows the effect 
of polymer sticker group concentration (0 to 7mole YO -COOH), 
q5(X), at constant q5( Y ) ,  on the fracture energy, Glc [lo]. It was shown 
that a critical concentration of sticker groups, approximately 3 mole % 
COOH, gave the optimal chain connectivity near the surface that 
caused the maximum fracture energy, 300 J/m2. A carboxylated 
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polybutadiene (cPBD) - AI2O3 substrate system was used to show that 
the cohesive strength, Glc, of the copolymer was improved with 
increasing sticker groups up to an optimal sticker concentration, after 
which Glc decreased due to the dense attachment to the solid. 

3.3.2. Receptor Concentration +(Y) Effect 

When the receptor concentration was varied (0 to 100 mol % -NH2), 
Glc changed remarkably with the substrate receptor concentration. 
Figure 8 shows that Glc increases with increasing receptor concentra- 
tion up to the critical point &; 2 30mol% coverage and then 
decreases with further increase in the receptor coverage for the long 
annealing time (1000 min). The maximum GIc of 600 J/m2 was almost 
the same value as the bulk cohesive Glc of PBD [24]. However, at 
short time, Glc increased as the density of substrate receptor group 
increased, as was expected. The fracture energy of the polymer-solid 
interface is determined by the weaker of the adhesive strength and 
cohesive strength. When the receptor density and annealing time 
are small, increasing the receptor group concentration increases the 

700 8 c ,  ' I I ' 1 

+ 1000 min 
.-  o--- 100 min 

0.0 0.2 0.4 0.6 0.8 1.0 

FIGURE 8 Substrate receptor concentration effect on the fracture energy of cPBD- 
AIS interfaces a t  various annealing times in which the sticker concentration was the same 
(approximately 3 mole % -COOH) and the peeling rate was 30 mm/min. The data point 
at r$V(NH2) = 0 is based on  the purely dispersive force of PBD [9]. 
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adhesive strength. However, at high concentration and at long 
annealing times, the dense attachment of the near-surface layer to 
the solid substrate caused a decrease in the cohesive strength, as the 
receptor density increased [9]. 

3.3.3. Adhesion Kinetics 

No specific annealing time dependence of GIc is shown for the samples 
made from the pure PBD, while strong annealing time dependence is 
shown for the cPBD - AIS interfaces, in the experimental time scale of 
10- l000min. The fracture energy did not change much with further 
annealing to 2000 min. 

In Figure 8 the two characteristic cases of the Glc of cPBD-A1S 
interfaces can be compared. The low energetic surface, 4( Y )  N 0.3, 
showed more than two orders of magnitude longer time dependence of 
Glc than the high energetic surface, @( Y )  - 1 .O. Also, the restructuring 
time of cPBD at the polymer-solid interface (up to l000min) was 
much longer than the characteristic time of the bulk chain ( w  I min). 
The longer restructuring time resulted from the change of the chain 
dynamics from the snake-like reptation motion of linear chain 
polymers to the star-arm like retraction motion near the polymer- 
solid interface. The restructuring time near the interface could be very 
long, due to its exponential dependence on the molecular weight and 
the hindered motion in the presence of the solid wall. The results of 
the time dependence of GIc depending on the surface energetics 
were qualitatively the same with the results from the DCA analysis 
depending on the probing solvents, as explained in Section 3.2. 

The adhesion kinetic analysis was further confirmed SEM of the 
fracture surfaces by T-peel tests, as shown in Figure 9. At high density 
4( Y )  - 1, the cPBD surface was very quickly perturbed, indicating 
rapid bonding a t  the polymer-solid interface. At low density, 
4( Y )  N 0.3, the surface of cPBD was hardly perturbed at short time 
but it was much more perturbed when the system came closer to 
equilibrium. After the T-peel test was performed, the aluminum sides 
of the samples had polymer segments on the surface, indicating partial 
cohesive fracture. The interfacial fracture loci, as shown in Figure 10, 
were estimated from weight gain of the polymer segment on aluminum 
after fracture. The polymer segment on aluminum was burned off, and 
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FIGURE 9 SEM micrographs of the fractured polymer surfaces at various annealing 
times. 

the weight loss was converted to the average fracture locus based on 
polymer density. This result is similar in behavior to that of G l c .  

The schematic bonding dynamics of the two cases are shown in 
Figure 11. At high density, many active sites drive fast interactions 
with the sticker groups of the polymers but may prevent the chains 
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10 100 1000 

Time (min) 

FIGURE 10 Average locus of failure determined by the weight gain of polymer seg- 
ment on the solid surface after the fracture. One of the three tested samples at each 
annealing time was used. 

+ 
(Tightly packed chains on surface) 

a 

----* 

Chains anchored on surface 
b have long sections free of surface 

(loose packing) 

FIGURE 1 1  Schematic representation of bonding dynamics at the interface. (a) 
r + ! ~ ~ =  1, fast developing: facile motion (e.g., chain excursion), (b) 4~ = 6; < 1, slow 
developing: toilsome chain motion (e.g., lateral movement to active site, initially in 
contact with non-active site). 

from having the optimal chain conformation. Available active sites on 
the solids not yet occupied are apt to be taken by the other sticker 
groups of the same or other anchored chains rather than by those of 
free chains in the bulk. There are many strong and available active 
sites, enough to overcome the entropic constraints to some extent. 
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Near the optimum density, the free chains in the bulk can more easily 
find the available active sites on the solid than the anchored chains. 
These anchored chains have significant entropic constraint to their 
motion and, thus, to their ability to find available active sites. 
However, i t  takes much more time for the bulk chains to move and 
find active sites. At the interface, the grafted chains could be stretched 
away from the surfaces; and, thus, they will pack efficiently with the 
free chains. 

3.3.4. Influence of Peeling Rate 

The interface fracture energy, GI,-, measured for polymers above their 
glass transition temperatures can be very high due to viscoelastic 
losses in the polymer layer [25]. Even though the intrinsic interface 
strength, Go, remains approximately constant [26,27], variations of 
several decades in Glc are normally observed for polymers by 
changing the deformation rate, R, and temperature, T. The classic 
equation of interface failure is given empirically by [27]. 

and Annealing Temperature 

where Go is the intrinsic fracture energy at  zero rate, and f ( R ,  T )  
represents the dissipation contribution from the bulk polymers [28]. 
This equation predicts that a stronger interface (high Go) allows higher 
stress transfer to the adhesive, causing enhanced energy dissipation in 
the adhesive layer [27,29]. However, if the polymer-solid interface is 
too strong, the interface may not be efficient for transferring a high 
stress to the bulk adhesive, which is the main point of this paper. For 
the weak interface governed by purely dispersive (van der Waals) 
forces, Go is the thermodynamic work of adhesion, W ,  [26,27] 
[Go 2 WA 0.1 J/m2]. Andrews and Kinloch [27] effectively normalized 
out the huge contribution of viscoelastic dissipation in the adhesive 
[I  + f ( R ,  T )], leaving a Go term ( W ,  = 0.07 Jim2) with a model 
polymer on inert substrates, where only dispersive interactions exist 
across the interface. For strong interfaces, dominated by chemical 
bonding across the interface, the values of Go at reduced rates become 
much higher than WA [25]. I t  was expected that specific bonding, like 
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hydrogen bonding or acid - base interactions, in some systems would 
contribute to values of Go somewhat greater than W ,  [25]. 

Figure 12 shows the G I c  vs. peeling rate, Rp, and annealing 
temperature dependencies for the cPBD- AIS interface with 4( Y )  = 1. 
The cPBD-AIS interface was fully developed up to 2 days before 
the test. The interface failure Eq. (8) was investigated by using 
Crc =Go(l + aR;). The results were fitted using Jandel Sigma Plot 
software with experimental data in the experimental Rp scale of 
0.6- 190 mm/min. 

Glc = 5.4[1 + 47R;.I5] annealed at 23°C 

GIC = 4.9[1 + 54R;.12] annealed at 70°C 

(9) 

(10) 

Specimens showed a relatively low peeling rate dependence of the 
exponent of 0.12 - 0.15 in the experimental peeling rate scale. It was 
reported for the polydimethylsiloxane case that in the non-Newtonian 
region, Rp > R i ,  the data behaved approximately as Glc N R;.14, where 
R; is a film thickness divided by a reptation time, T, [30]. In our 
system, T, and R; were determined to be 1.6 sec and 0.6mm/min, 
respectively [9]. At the elevated annealing temperature (70°C) and 
under vacuum it was observed that the cPBD started cross-linking. 
The cPBD annealed at 70°C under vacuum did not dissolve in solvent. 

.- 
lo" loo 10' 102 1 6  

Rp (mm/rnin) 

FIGURE 12 Peeling rate and annealing temperature effects on the fracture energy. 
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THF, while the cPBD annealed at room temperature dissolved in 
THF. The master curve of cPBD using the time-temperature super- 
position was not performed because of cross-linking. Although it 
was difficult to quantify because of the level of experimental error, it 
appeared that the cross-linking of the adhesive layer may have 
prevented the interfacial chains from forming an efficient structure 
which would decrease the dissipation of the observed Glc at high R,. 
It is known that the dissipating energy term dominates the observ- 
ed peel energy over the energy to break the C-C bond [30]. How- 
ever, due to the limited range of peeling rate in this work, it was not 
clear whether Go determined by data fitting was the intrinsic fracture 
energy. 

4. OPTIMUM PBD ADHESION 
AT POLYMER-SOLID INTERFACE 

The enthalpic adsorption energy, AH, of the chain can be related to 
the gain of intrinsic adhesive strength, GA, between an adsorbed 
chain and a solid surface. Simultaneously, the entropy loss, AS, of an 
adsorbed chain collapsing to the attractive surface can be related to 
the decrease of intrinsic cohesive failure energy, Gc, between an 
adsorbed chain and other neighboring chains. At equilibrium, the AS 
decrease of an adsorbed chain critically depends on the gain in AH. 
Thus, G A  and Gc are not independent of each other, but they move in 
opposite directions as the surface energetics increases, as illustrated 
in Figure 13. The polymer sticker groups and the substrate receptor 

r und GA increase 

4 b 
G, increase 

R N  - N’” . ~- t 

FIGURE 13 Schematic representations of the conformational dimension of an adsorb- 
ed chain on a solid surface and the two adhesion potentials, the adhesive potential 
between an adsorbed chain and a solid surface (G,,) and the cohesive potential between an 
adsorbed chain and neighboring free chains (Gc) .  They move in opposite directions as  r 
increases at the interface. 
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groups changed the enthalpic driving force and, thus, entropic 
constraints, at the polymer- solid interface, which resulted in the 
interesting GIc variation as a function of sticker groups and receptor 
groups [9, lo]. I f  ~ 4 ~ 4  varies only within very low or very high 
regions, we can not expect the cross-over point of the two interface 
potentials, without observing a maximum fracture energy of a 
polymer-solid interface strength. In this work, we used modified 
polybutadiene and modified surfaces to prepare a wide range of 
x q5 x +  and we observed the maximum GIc at an optimum product 
value of x 4x$ y ,  as summarized in Table I .  Again, it can be quali- 
tatively explained that when x 4 x 4  is small, increasing the sticker 
group and receptor group concentrations increases the adhesive 
strength. However, at high concentrations, the dense attachment of 
the near-surface layer to the solid substrate decreases the cohesive 
strength. The fracture energy of a polymer-solid interface is subject to 
the weaker of the adhesive strength and cohesive strength. The 
cPBD- A1 interface showed an optimum Glc of 300 J/m2, but cPBD- 
AIS interfaces showed an optimum Clc of 600J/m2 that is almost 
equivalent to the bulk cohesive value of PBD [24]. This is because the 
silane layer in cPBD -AlS interfaces (Cases 2 and 3 in Tab. I )  acted as 
a primer to cause more efficient dissipation processes than in cPBD- 
Al interfaces (Case 1 in Tab. I). Interestingly, we found that there 
existed an optimum product value, r* = (x  4 x+ y) ,  of approximately 
150cal/mol, when we used x as the real interaction strength rather 
than the normalized parameter, which resulted in maximum Clc for 
our model polymer - solid interfaces. Consequences and further 
interpretation of the optimal interface structure expressed through r* 
are discussed elsewhere [ 181. 

5. CONCLUSION 

The design criteria for making strong polymer- solid interfaces were 
studied using model polymer - solid interfaces: carboxylated poly- 
butadiene adhered to mixed silane modified aluminum surfaces, where 
the sticker concentration, the receptor concentration, and the sticker- 
receptor pairs were varied over a wide range. Some important effects 
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of such variables on polymer adhesion were found: 

( I )  Appropriate annealing times required for polymer adhesion were 
found to be much longer (up to l000min) than the characteristic 
time of a bulk chain (less than 1 rnin), such as reptation time, 
terminal relaxation time, and self diffusion time. The contact 
angles of various probing liquids on the model polymer and the 
fracture energy of the model polymer - solid interfaces varied with 
the contact time, which showed longer time dependence than the 
characteristic time of a bulk polymer chain and was a function of 
enthalpic driving forces between the model polymer and the 
media. 

(2) Small amounts of polymer sticker groups randomly distributed 
along the polymer backbone chain abruptly increased the fracture 
energy of the weak polymer- solid interface by 2 N 3 orders of 
magnitude (from less than 10 J/m2 up to 600 J/m2). The fracture 
energy was not a monotonic function of the polymer sticker 
concentration. After the critical sticker concentration, the fracture 
energy decreased with further addition of stickers. 

(3) Amine-terminated silane monolayer-like coatings on aluminum 
oxide surfaces doubled the maximum fracture energy of the model 
polymer-metal interfaces, from 300 J/m2 to 600 J/m2. This is 
because the silane layer acted as a primer between the model 
polymer and the solid surface, resulting in efficient stress transfer 
through the interface. Here, the fracture energy was not a 
monotonic function of the polymer - receptor concentration at  
long annealing time ( 1  000 min). After the critical receptor 
concentration (30 mol YO -NH2), the fracture energy decreased 
with increasing receptors. However, at short annealing time 
(10 rnin), the fracture energy approximately corresponded to the 
receptor concentration. At intermediate annealing time (100 min), 
the fracture energy showed no receptor density effect. 

(4) Changes in sticker concentration, receptor concentration, and 
sticker-receptor pair at  the interface show critical sticker and 
receptor concentration, resulting in maximum fracture energy. 
These critical concentrations shifted to the left or right depending 
on the sticker-receptor interaction strength, but the product value 
of the sticker concentration, the receptor concentration, and the 
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interaction strength remained approximately the same, about 
150cal/mol for polybutadiene adhesion. 

(5) Classical design criteria failed to explain the effect of sticker- 
receptor interactions on polymer adhesion: The fracture energy 
of polymer-solid interfaces was not a monotonic function of 
the sticker - receptor interactions. This is because the adhesive 
potential between adsorbed chains and a solid surface and the 
cohesive potential between adsorbed chains and neighboring 
chains move in opposite directions, as the number of interactions 
increases. The failure occurs at the weaker of the two potentials 
that always exist at polymer - solid interfaces. 

In summary, through experiments and the modified scaling theory, 
it was found that optimum product value of sticker concentration, 
receptor concentration, and their interaction parameter exists to 
maximize the adhesion strength of polymer - solid interfaces. Below 
this optimum product value, the Glc increased with an increase in 
any of these parameters, and after the optimum product value, GIc 
decreased with an increase in any of the parameters. 
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