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ABSTRACT Measurements have been made of the forces of interaction between pairs of layers of diblock 
copolymers adsorbed on mica from toluene in a surface forces apparatus. The copolymers studied were 
poly(2-vinylpyridine)-polyisoprene (PVP-PI) and poly(2-vinylpyridine)-polystyrene (PVP-PS) , over a range 
of molecular weights of each of the blocks. Previous studies of adsorption of similar polymers under similar 
conditions have shown that the PVP blocks (“anchors*) preferentially adsorb and anchor the PS and PI 
blocks (‘buoys”) effectively by their ends at a density high enough to cause substantial overlap among the 
buoys. The ranges of the forces measured in this study are consistent with previous observations that this 
overlap causes the PS or PI chains to be tethered to the anchor layer in a configuration that is extended in 
the direction normal to the surface relative to the dimensions of a free chain of equal molecular weight in 
toluene solution, thereby creating a polymer “brush”. All of the force versus distance data on six pairs of 
symmetrical interactions between these layers collapse with reasonable accuracy in a reduced plot, the variables 
of which are suggested by models of the interactions between grafted layers developed by Pate1 et al. and 
by Milner et al. The shape of this universal profile is predicted well by both models, with a small advantage 
to the latter. There are no free parameters in this comparison; the necessary data on solvent quality, segment 
size, and number density of chains on the surface were determined independently. Both models underpredict 
the force and its range by a factor of about 2 when the osmotic pressure data for homopolymer solutions are 
used in the calculation, while good agreements are found when the osmotic pressure is determined from the 
surface force data at high compression. Measurements have also been made of three distinct situations of 
asymmetric interaction between dissimilar layers. These asymmetries are chemical, between a PS layer and 
a PI layer at equal surface density and equal brush height, molecular weight, between two different PS 
brushes that have equal surface number density of chains but different chain lengths, and structural, between 
two different PI layers that have different molecular weights and surface number densities but about the 
same weight per unit area of polymer brush chain bound to the surface. The first two cases give results that 
are readily anticipated from the knowledge of the behavior of symmetrical interactions between brushes 
which shows that there is little interpenetration between two equally dense brushes. Structural asymmetry 
appears to give rise to more substantial interpenetration, or rearrangement, producing forces of a magnitude 
that are somewhat smaller than those anticipated from the noninterpenetration idea. Pull-off forces were 
also measured between thoroughly dried layers of the PS- and PI-containing copolymers. These data are 
converted into adhesive energies and compared with literature values for surface energies of bulk PS and PI. 

Introduction 
The adsorption behavior of copolymers is naturally 

richer than that of polymers containing only a single kind 
of segment since more than one kind of affinity can be 
built into different parts of the same macromolecule. The 
interfacial activity of such polymers can be enhanced and 
manipulated by incorporating segments tailored to interact 
in some specific way with each of the contacting phases. 
Architecture of the copolymer plays an important role 
since it influences the configuration adopted by the 
molecule a t  the interface. 

Among many interesting and useful possibilities, se- 
lective adsorption of block copolymers from selective 
solvents merits study since it is one means of binding a 
polymer chain to a surface on which i t  would not itself 
adsorb. This can be used to modify the surface of a solid 
and thereby to manipulate the interactions that this surface 
experiences. In the case of diblock copolymers, this mode 
of adsorption is one means of creating a polymer =brush”, 
where polymer chains are tethered by their ends onto an 
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interface.lP2 The adsorbing block serves as the “anchor” 
and the tethered chain as the Y b ~ ~ y w . 3  A brush results 
when the density of adsorption is sufficiently high that 
the buoy chains begin to overlap substantially and stretch 
normal to the surface to alleviate the buildup of osmotic 
pressure in the dense brush. Alexander4 and de Genness 
fist analyzed this situation and showed that the stretching 
of the brush would be balanced by the stretching energy 
built into the chain. Subsequent analyses have developed 
these ideas more fully.69 

Two lines are pursued in this research. One is the study 
of the process of selective adsorption of block copolymers 
from selective solvents as a means of creating polymer 
brushes. There is incomplete understanding of the factors 
that determine the assembly of these layers and how the 
nonadsorbing buoys arrange themselves within the brush. 
We present an ensemble of data here on six copolymers, 
varying the chemical type of the nonadsorbing blocks and 
the molecular weights of each block, where both the 
adsorbed amount of the block copolymers and some 
measure of the profile of segments extending into solution 
have been determined precisely on the identical adsorbed 
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layers. We report data here using the surface forces 
apparatus'O in which both the quantity and the profile of 
segments have been studied by compressing the adsorbed 
layers and measuring the force versus distance profile 
between them. The force profile for the layer immersed 
in solvent is directly related to  the segment distribution 
for which several  prediction^^^ have been made concerning 
its shape. The quantities of polymer adsorbed in each 
case can be measured on the same layers with the solvent 
having been thoroughly evaporated. The determination 
proceeds from the direct physical measurement of the 
thicknesses of the layers and the known densities and 
compositions of the materials involved. This enables a 
comparison to be made between models of the profiles 
and the data with no adjustable parameters. In particular, 
we attempt to assess quantitatively through these data 
the degree to which the predicted parabolic nature of the 
segment distribution6 affects the observable force profile. 

A second line of research that is opened up in this work 
is the manipulation of the interactions between polymer 
brushes by controlled variations in the construction of the 
brushes. Many interesting variations are conceivable. 
Dense polymer brushes contain stretched chains which 
possess several interesting characteristics. One of these 
characteristics is that, with increasing stretching (produced 
by increasing density of chains), there is an increasing 
tendency for chain ends to populate preferentially the tip 
region of the brush. One could imagine this as a means 
to drive a particularly selected chemical functionality to  
the periphery of the brush. A second important charac- 
teristic is the resistance of dense polymer brushes to 
penetration by extrinsic polymer segments." This arises 
from the stretched condition of the brush and the resultant 
strong penalty that would be incurred by the further 
stretching necessary to  swell and accommodate additional 
segments entering the brush. 

Specifically, we present data on asymmetric interactions 
between dissimilar polymer brushes. We show how pairs 
consisting of two different brushes can be assembled in a 
configuration suitable for force measurement and study 
the interactions that develop on compression. These data 
are valuable directly for their applicability to practical 
examples of asymmetric interactionI2 and also indirectly 
for the information they provide on the mutual inter- 
penetrability of dense polymer brushes. 

We study poly( 2-~inylpyridine)-polyisoprene (PVP-PI) 
in addition to the poly(2-vinylpyridine)-polystyrene (PVP- 
PS) polymers we have studied previ0us1y.l~ Two reasons 
for this are as follows: (a) we surmised that, being a room 
temperature rubber, the PI block might form a more 
uniform layer in the dry state and therefore be more 
amenable to  the direct mechanical squeezing determina- 
tion of the adsorbed amount, a method we introduce in 
this paper (this proved unfounded; the PVP-PS polymers 
were equally suitable), and (b) availability of the PI blocks 
enabled the study of the chemically asymmetric interaction 
between a PS and a PI brush. 

Experimental Section 
Material Synthesis. Four PVP-PI diblock copolymers were 

synthesized by anionic polymerization techniques in high vacuum. 
The monomers (isoprene, 2-vinylpyridine), polymerization sol- 
vent (n-heptane, tetrahydrofuran), and terminator (methanol) 
were purified by standard methods.1k16 The initiator (sec- 
butyllithium) was synthesized from lithium metal and sec-butyl 
bromide.I4 

The PI blocks were synthesized in n-heptane via the two-step 
reaction suggested by Fujimoto,'* which produces a narrow 
molecular weight distribution. First, a small fraction of a 
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Table I. Characterization of PW-PI Block Copolymers 
PVP-PI copolymer precursor PI 

code le3Ma @pw(wt%)* Mw/M, lVM, MwIMn 
PVP-PI 26-50 76.6 34.2 1.12 50.4 1.07 
PVP-PI 30-217 247 12.3 1.18 217 1.11 
PVP-PI 3849 107 35.2 1.14 69.3 1.08 
PVP-PI 69-39 108 64.1 1.16 38.8 1-07 

and refractive index monitors in GPC. 
a Mpw-pl = Mwp'/(l - @PVP). PVP content determined by UV 

prescribed amount of the isoprene monomer was initiated by 
sec-butyllithium at 60-65 "C for 20 min, so that all sec- 
butyllithium molecules are converted into isoprenyl anions and 
lithium cations. Then, the remaining (major) part of the isoprene 
monomer was introduced in the reaction flask and allowed to 
polymerize at room temperature for 48 h. The PI concentration 
in the flask was typically 2 wt % . The PI blocks made by this 
method have a typical microstructure cis:trans:vinyl = 75:20 
5." 

After the polymerization of PI blocks, an aliquot (the precursor 
for copolymer samples) was taken for the later characterization. 
Most (>go%) of the n-heptane was then removed from the 
reaction flask, and nearly the same amount of tetrahydrofuran 
was introduced. Both transfers were made by vacuum distillation. 
The 2-vinylpyridine monomer was copolymerized with living PI 
blocks in this mixed solvent (with much excess of tetrahydrofuran) 
at -78 O C .  After 2 h of polymerization, the reaction was 
terminated with methanol. After the reaction, the entire contents 
of the reaction flask were poured into a 1/2 methanoUwater 
mixture to recover the PVP-PI block copolymer. The copolymer 
was dried in vacuum and redissolved in benzene, the solution 
was filtered, and the copolymer finally freeze-dried and stored 
in vacuum until use. 

The copolymer samples were characterized with respect to 
molecular weight and copolymer composition using a gel per- 
meation chromatograph (GPC; Waters, Model 150-C) with a UV 
monitor (AB1 Analytical Kratos Division, Spectroflow 757) 
connected in series toa built-in refractometer. The elution solvent 
was tetrahydrofuran, and monodisperse homopolyisoprenes made 
and characterized by light scattering at Osaka Universityl8 were 
used as the elution standards. Table I summarizes the charac- 
terization of the PVP-PI samples. The two PVP-PS copolymers 
used were characterized previ0us1y.l~ The code numbers indicate 
the molecular weights of the blocks in thousands. 

Force Measurements. The mica used for the surface force 
measurements was Grade No. 4 ASTM V-2, clear and slightly 
stained Muscovite, ruby red mica obtained from hheville- 
Schoonmaker Mica Co. The thickness and area of the mica sheets 
used were 1-3 pm and =1 cm2, respectively. Force measurements 
were carried out on the University of Minnesota surface forces 
apparatus which is very similar to the original Israelachvili 
design.lg The basic techniques and standard experimental 
procedures we employ in making force measurements on block 
copolymers are described elsewhere.'OJ3 We give a few details 
here. In what follows, by symmetric layers, we mean situations 
where identical adsorbed layers are assembled on the two surfaces; 
asymmetric layers refers to the cases where we assemble and 
measure interactions between two different block copolymer 
layers, one on each surface. 

Symmetric Layers. Surface force measurements were carried 
out for the PVP-PI copolymers shown in Table I, as well as for 
two PVP-PS copolymers, 60-60 and 60-90, examined in a 
previous ~ t u d y . 9 J ~ ~ ~ ~ ~ ~  Those copolymers were adsorbed on mica 
sheets in the surface force apparatus from toluene solutions at 
concentrations of about 5 pg/mL. Other work from our labo- 
ratoriesZ2 has shown that the weight adsorbed per unit area for 
these copolymers is quite insensitive to solution concentration 
in this range, though the complete adsorption isotherms over 
wide ranges of concentration may bear further study. Glass- 
distilled, spectroscopic grade toluene was used after filtration 
without further purification. 

Within 6 h of adsorption time, the force-distance profiles 
became constant in time. The forces, F, between the adsorbed 
layers were measured at 32 O C  several times completely inde- 
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pendently, each time using freshly prepared adsorption solutions 
and fresh mica surfaces, confirming the reproducibility of the 
data. In each measurement, several spots on the mica surface 
were examined, confirming the uniformity of the adsorbed layer. 
All data are plotted on the basis of the Derjaguin approximationB 
in which the force, F(D), at some distance, D, of closest approach 
between the curved mica sheets is divided by the radius of 
curvature, R. This quantity, for D << R, is 2r times the energy 
per unit area of interaction at D, a geometry-independent 
quantity.24 

After the measurements in the toluene solution, the solution 
(=350 mL in volume) was drained and pure toluene was charged 
in the apparatus. The inside of the apparatus, with the two 
copolymer layers separated by more than 4 mm, was bathed in 
pure toluene for more than 4 h. When the solution was drained, 
the two mica surfaces were brought to a separation of about 1 
mm, so that a small volume of solvent was kept in this narrow 
gap and the adsorbed layers were always wet with toluene. This 
washing procedure was repeated at least three times. After that, 
the amount of nonadsorbed copolymer chains remaining in the 
apparatus was extremely small. (Fromthe concentration of the 
feed solution and the dilution rate, this amount is estimated to 
be less than 1W1 g, which is much smaller than the amount of 
the adsorbed copolymers.) The apparatus was refiied with pure 
toluene, and the force was remeasured. In all cases, the data 
obtained in pure toluene were the same as those in the solution, 
suggesting that no significant desorption took place in the time 
scale of our experiments (4 days). 

Asymmetric Layers. To obtain surface force data between 
asymmetric layers, we prepared three or four mica sheets of equal 
thickness (in the range 1-3 pm). Two of them were used for the 
surface force measurements for the symmetric layers of the first 
species, as explained above. The remaining one or two sheets 
(glued on glass lenses) were used to prepare the adsorbed layers 
of the second species. The adsorption of this second species was 
carried out in a separate glass container under conditions similar 
to those for the experiments for the symmetric layers. After 
saturation (>6 h), the mica sheets were immersed in pure toluene 
(solvent) three or four times to remove all nonadsorbed chains 
and were stored in pure toluene until use. (Those adsorbed layers 
were prepared just before use to avoid possible contamination 
and were never stored in toluene for a period of time longer than 
4 h.) 

After completion of the symmetric surface force measurements 
for the two layers of the first species in pure toluene, the upper 
layer (fixed in an interchangeable holder) was quickly replaced 
by the layer of the second species previously prepared as described 
above. The surface force measurements were then made for the 
resulting assembly of the asymmetric layers, with the upper and 
lower layers being composed of the second and first species, 
respectively. Incases where there was a fourth mica sheet carrying 
the layer of the second species, we also subsequently exchanged 
the lower layer, mounted on the leaf spring in the surface force 
apparatus, to make measurements on the symmetric pair of the 
layers of the second species as a control. The data obtained were 
compared with the data obtained for those symmetric layers 
prepared directly in the surface force apparatus. All data reported 
here are on systems where this second, control, symmetric 
experiment gave results identical to the directly prepared 
symmetric layers. 

Measurements on Dry Layers To Determine Surface 
Coverage and Adhesive Energy. On completion of each 
independent force measurement in pure toluene for symmetric 
layers, the toluene was drained and the adsorbed layers of 
copolymers were dried, unless the successive measurements on 
asymmetric layers were planned. The two adsorbed layers were 
separated by more than 4 mm and dried in the apparatus by 
passing clean nitrogen gas through the apparatus for more than 
12 h. The two layers were then brought toward contact. 

For PW-PI layers, where the rubbery PI blocks form the top 
surface in the dry state, the two layers achieved spontaneous, 
flat, adhesive contact by jumping together, as observed by the 
sudden flattening of the shapes of the interference fringes when 
the two surfaces were brought to within separations over which 
molecular forces could act.% The sharp corners in the shapes of 
the fringes when contact occurred suggest that the contact is 
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Table 11. Characteristics of Block Copolymer Layers 
copolymer =,,ha (A)n 10% (m3 IO-%* (m9* 
PVP-PI 26-50 33 1.25 0.39 

30-217 30 0.34 0.067 
38-69 31 1.00 0.26 
69-39 31 0.87 0.52 

PVP-PS 60-6oC 31 0.82 0.48 
60-9od 43 0.88 0.28 

~L,,M = D measured at molecular contact of dry layers. * u* 
= 1/r(s2). LVMpvp = 60 , l eMps  = 60. 1pMpvp = 60,1@Mps 
= 95. 

attractive.% The size of the flat portion of the fringes can be 
measured and converted into the area of adhesive contact between 
the two surfaces. On application of compressive load, there was 
no variation in the fringe positions, but the area of contact 
increased. This also suggests that molecular adhesive contact 
was obtained. 

Under these circumstances, the combined thickness of the 
two layers in contact was evaluated from the positions of the 
observed interference fringes. The number of copolymer chains 
per unit area (a) was then calculated from the known molecular 
weights and bulk densities of the constituent blocks. 

For PVP-PS layers, the situation was somewhat different. 
On close approach of the two dry layers, where the glassy PS 
blocks form the top surface (this arrangement has been exper- 
imentally confirmed in previously published work22), the first 
contact (determined from the cessation of vibrations of the 
fringes) was not adhesive. Application of compressive load on 
the contact caused the two surfaces to move closer together, as 
seen by the shifting wavelengths of the interference fringes. This 
was accompanied by an eventual flattening of the surfaces into 
a molecular, adhesive contact, with characteristics as observed 
for the PVP-PI layers. If the surfaces are separated from this 
initial molecular contact, then brought back toward contact a 
second time at the same spot, they jump spontaneously into flat, 
adhesive contact. The observations suggest that the glassy layers 
are not smooth in the as-dried state; however, they are readily 
compressed into adhesive, molecular contact. In this state, u 
was determined as described above. In measurements on identical 
polymers, the data on u reported here agree within experimental 
error (=&lo%) with values we have previously reported,22 
obtained by radio-labeling and X-ray photoelectron spectroscopy. 
The data on the adsorbed amounts of all the copolymers studied 
here are given in Table 11. 

We also measured the adhesive force exerted between the dried, 
symmetric layers. By applying a tensile force to the two surfaces 
in adhesive contact, they could be made to jump apart by the 
action of the leaf spring on which the lower surface sites.26vn 
Measurement of the distance of the jump and of the stiffness of 
the spring gives the adhesive force by a standard calculation. We 
report these data here as interfacial energies, calculated from 
the JKR theory of adhesive contact mechanics.26 Previous work 
from other laboratories2s and oursz7 argues for the validity of this 
model. The shapes of the interference fringes we observed here, 
and the fact that the two surfaces appeared to jump apart from 
a finite radius of contact, further support the JKR theory as the 
means to calculate interfacial energy from pull-off force. Pull- 
off forces could be measured repeatedly and reproducibly from 
the same contact spot, indicating that the adhesive force 
measurement did not damage the surfaces. 

Results and Discussion 
ForceDistance Profiles for  Symmetric Layers. 

Figure 1 shows the dependence of the forces on distance 
between the mica substrates for the six polymers for which 
the molecular and adsorption characteristics are given in 
Tables I and 11. All of the block copolymers, in good solvent 
conditions for the nonadsorbing blocks, exhibit monotonic 
repulsion, as has been reported previ0us1y.l~ Detectable 
repulsion is seen for all of the polymers at a range which 
exceeds (by more than a factor of 10 in some cases) the 
dimension in free solution of the nonadsorbing blocks of 
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from that of PS of the same molecular weight by30 

(a2 )3i2pI = wPI/ C V I P S H S ~ ) ~ / ~ P S  (3) 
are The data for (s2)ps in toluene reported by Higo et 

summarized as 

(s2)1’2ps = bpsNps’ bps = 1.86 A v = 0.595 (4) 

where ~ P S  and Npsrepresent the segment length and degree 
of polymerization of PS, respectively. From these rela- 
tionships, we can estimate ( S ~ ) ~ / ~ P I  as 

(s2)1’2pI = bp,NpI” bps = 1.79 A v = 0.595 (5) 
These formulas are the ones we have used to determine 
the surface overlap densities reported in Table 11, con- 
firming that these adsorbed layers have indeed entered, 
albeit not in all cases very deeply, into the brush regime.ly5 

In developing an understanding of the interrelationships 
among the force curves of Figure 1, we must recognize 
that two factors contribute to the forces exerted between 
the two brushes at  some separation D.819 One is the osmotic 
interaction in the PS or PI layer, which generates forces 
tending to increase the separation in order to dilute the 
layer with the good solvent toluene; the other is the entropic 
elasticity of the PS or PI blocks, which tends to decrease 
the layer thickness from the osmotically swollen thickness. 
When we impose a compression to some value of D in the 
surface forces apparatus where the two brushes are 
interacting, we expect that, a t  high enough compression, 
the osmotic pressure forces from the two interacting 
brushes will overwhelm the elastic forces since the 
confinement resulting from compression will reduce the 
chain stretching. Thus, for the smallest values of D that 
we examine, we expect that the forces exerted by these 
layers will be very similar to that of homopolymer solutions 
at  the same concentrations. This is expected to be true, 
irrespective of the molecular weights and surface densities 
of the polymers involved, providing that the comparison 
among the data on different polymers is scaled to 
equivalent concentrations of polymer in the gap between 
the two surfaces. 

The osmotic free energy per unit area for the interacting 
brushes will be determined by the average concentration 
of chain segments in the gap, c, which is in turn determined 
by the mass of polymer adsorbed per unit area, w, and the 
separation between the mica sheets, D. The contention 
that the osmotic pressure effects dominate other factors 
a t  higher compressions means that the force-separation 
profile should become scaled only in terms of c in that 
limit. To test this, we evaluate w and c from our data on 
surface coverage, a: 

w = 2.MB/Nav c = w / ( D  - 2LpwO) (6) 

The average concentration is just the weight per unit area 
divided by the separation between the surfaces, subtracting 
off a small correction for the thickness (LpvpO) of the PVP 
layers on top of which the PI  or PS brushes sit. (The 
subscript B refers to either PS or PI.) LpvpO is determined 
from Lcontact in Table I1 and the bulk densities of the 
polymers. (In toluene, PVP appears to be swollen by about 
50%.22 However, the factor Lpw0 gave only a small 
correction for c(D) in the range of D examined, so we 
neglected the PVP swelling effect in calculating the average 
concentration of segments in the gap.) 

These calculations of the average concentration in the 
gap show that the average concentration varies up to 0.15 
g/cm3 in the range of compressions used in our experiments. 
Thus, without assuming any molecular model for the 

(! 5 0 0  loo0 1500 2000 2500 

D <A> 
Figure 1. Force-distance profiles obtained for the PVP-PI and 
PVP-PS block copolymer layers in toluene at 32 OC. 

comparable molecular weights. Table I1 documents that 
all of these copolymers adsorb on the surface at  an average 
distance between chains which is less than the average 
dimension of the same molecule in solution. The surface 
number density of chains exceeds (by a factor of 1.5-5) 
the density required for mutual overlap, creating a 
semidilute surface layer or polymer brush.3 Previous 
work22 has established that chains of this type adsorb 
through the PVP block and that both blocks play a role 
in dictating the final adsorbed amount. 

Comparison with Bulk Osmotic Pressure Data. 
With the interaction curves and adsorbed amounts de- 
termined experimentally, we can attempt to determine 
the relationship among the force curves measured for 
different molecular weights and surface densities. For 
that purpose, it is necessary that the other important 
parameters governing the behavior of the system be known. 
The necessary additional parameters are those that 
determine the configurational properties of the polymers 
and those that fix the osmotic pressure for a certain 
monomer segment density in solution. 

Configurational properties of interest are those related 
to the dependence of radius of gyration on chain length. 
For monodisperse PI and PS in toluene, the molecular 
weight dependencies of the intrinsic viscosities are very 
similar:28 

= 10.5 x 10-~it4O~~ (mL/g) for PS (1) 

suggesting that the molecular weight dependence of chain 
dimensions in solution is almost exactly the same for PS 
and PI. Employing the Flory-Fox we can 
estimate the mean-square radius of gyration, ( s 2 ) ,  of PI  



Macromolecules, Vol. 26, No. 24, 1993 

behavior of polymer brushes, we can compare the behavior 
of these copolymer layers and semidilute homopolymer 
solutions. Data for osmotic premure, n, in PS-toluene 
solutions in this concentration range have been reported 
by Noda et al.3213~ The data are in good agreement with 
a power-law concentration dependence34 expressed as 

ll(Mp$Nav)/ckT = K ~ ( C / C * ) ” ( ~ ~ ~ )  

c* < c < 0.15 g/cm3 (7) 
where kT is the thermal energy, c is the concentration in 
solution (in mass/volume units), and c* is the overlap 
threshold concentration defined by 

c* = 3(M,s/Nav)/(47r(s2)3/2) (8) 
The proportionality constant kn reported is 2.2 for PS- 
toluene s0lutions3~ with v = 0.595. There can be differences 
among polymer systems in the value of Kn, namely for PS 
and PI in toluene. (For example, poly(a-methylstyrenes) 
in toluene have slightly smaller v (=0.585) and Kn 
(=1~50).~~) However, since the expansion factors (eqs 1 
and 2) appear to be very similar for PS and PI in toluene, 
in the absence of more exact information, we take the two 
Kn to be equal, too. 

With this information, we can compare the osmotic free 
energy of the brush layers, Afr,ad, derived from the force- 
distance data, reduced to per unit mass, reduced by the 
thermal energy kT, and corrected for the differences 
between PS and PI in segment lengths, b, and monomer 
masses, rn, 

Afr,ad 

{ [ (m$Nav) 3v/(3u-1)~ / [wk ~(4?rbB3/ 3) 1/(3y-1)3 J ( F / ~ ? ~ R )  (9) 

with the osmotic free energy of homopolymer solutions, 
reduced and corrected in the same sense: 

Afr,os = 
- ( [ (m$Na~)3”(3u-1 ) ] / [~kT(4~b~/3 )1~(3~1) l }$~[c (~ )1  dx 

(10) 

The prefactor in brackets in both eqs 9 and 10 is the 
correction required to scale together PS and PI for 
differences in segment length and monomer molecular 
weight suggested by eqs 7 and 8. The subscripts B refer 
to either PS or PI. The factor of 27r dividing FIR in eq 
9 is that deriving from the Derjaguin analysis23 for 
converting our force data to energy per unit area. The 
integral in eq 10 performs the same function for the osmotic 
pressure of the bulk solution; it calculates the work per 
unit area that would have to be done against osmotic 
pressure to concentrate the solution by compressing from 
large distances (effectively infinite separation is the lower 
limit of integration) down to some separationD (D -Lpvpo 
is the upper limit of integration) where the concentration 
is higher. The integration of eq 10 can be carried out after 
inserting eq 7 for the osmotic pressure as a function of 
concentration, with the result 

(11) 
a function only of concentration in the semidilute range. 

The comparison among our six sets of surface force data 
from Figure 1 on the different copolymers, replotted 
according to eq 9, is shown in Figure 2, along with the 
comparison to the bulk osmotic pressure data from eq 11. 
The data from different samples (different molecular 
weights and surface densities) diverge at  low c (large D )  
but tend to merge toward a common line at high c (smaller 

~ f , , ,  = (3v - 1 ) ~ ~ ~ ~ / ( ~ ~ ~ )  
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Figure 2. Comparison of the free energy of the adsorbed block 
copolymer layers (symbols) examined in Figure 1 and the osmotic 
free energy of semidilute homopolymer solutions (dashed line). 
The sense of the symbols is the same as in Figure 1. The dashed 
line represents the bulk osmotic pressure data of Noda and co- 
w o r k e r ~ ~ ~ . ~ ~  plotted according to eq 11. The solid line is a guide 
to the eye, enabling an estimate of the high compression limit 
for the osmotic free energy of the copolymer layers, which is used 
for the comparison of the data and model in Figure 3. 

D). In other words, Afr,ad tends to become a function of 
concentration only, as is Afr,m. This lends support to the 
very basic molecular picture that purely osmotic inter- 
actions control the surface force profiles a t  high com- 
pression. Molecular weight and surface density are not 
important, except insofar as they are related to determining 
the average concentration in the gap between the mica 
sheets. 

Conversely, at the onset of interaction (large D or low 
c), average concentration in the gap is not the only 
important feature. At the onset of interaction, the 
stretched chain configuration of the individual brushes 
reduces the interaction energy well below that calculated 
from bulk osmotic pressure at  lower, semidilute concen- 
trations. Differences in chain stretching, related to the 
entropic elasticity of the chains, and depending on the 
configurations of the PS and PI chains, which, in turn, 
depend on chain length and surface density, reveal 
themselves a t  low compression in the divergence among 
the different seta of data in this limit. These experimental 
facts illustrate the basic physical ideas that have been 
predicted to control the structure of polymer brushe~.4*~**~~ 

Figure 2 also illustrates a quantitative discrepancy 
between the higher compression surface forces data and 
the higher concentration osmotic pressure data. Afr,ad data 
for the adsorbed block copolymers tend to merge a t  a level 
a factor of about 2 higher (the solid line in Figure 2 
represents this asymptotic limit approximately) than Afr,m 
for the homopolymer solutions (the dotted line in Figure 
2). This puzzling discrepancy might be related to a 
difference of chain conformation in bulk solutions and 
tethered brush layers. 
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interacting with an impenetrable second brush is just half 
the separation between the solid surfaces to which the 
layers are tethered (minus the small correction for the 
thickness of the anchoring blocks): 0 / 2  - L p v p O .  Thus, 
eqs 13-16 are converted in the PTH model directly into 
an expression for the total free energy per unit area as a 
function of separation for two interacting layers. Then, 
with the Derjaguin approximation for relating force to 
energy per unit the model for the force versus 
distance profiles is developed. These are conveniently 
expressed in terms of dimensionless, reduced force, f 

f = (F/R) [ k ~ ~ ‘ 2 ’ ” ” b B ’ ~ ’ ~ ~ l  (17) 
and reduced distance, a: 

a = [D  - ZLpvp0]/[2u“-”/2’b~1’’~B] (18) 

The reduced force is (4a times) the measured interaction 
energy per unit area divided by the energy per unit area 
(energy per blob times the number of blobs per unit area) 
in the uncompressed, infinite separation brushes. The 
reduced distance is the separation between the surfaces 
to which the nonadsorbing blocks are attached, ( D  - 
!2Lpvpo)/2, divided by L,/([4(3v - 1)Knl(4u - 1))(3rc1)/4v- 
[ 4 ~ / 3 / 3 ] ( ~ - ~ ) / ~ ~ ,  which is approximately L,/4 for the ex- 
perimental constants applicable to these data. Therefore, 
when we present data in the scaled format subsequently, 
the onset of interaction will occur at about 

In terms of these reduced quantities, the PTH modelg 
combines eqs 13-18 into a universal, dimensionless fo rce  
distance profile: 

= 4. 

f = x{[ya-1/(3’-1) - 11 + (4v - 1)-1[~,$4’-1)/(3“1) - 111 (19) 
where X, Y, and 2 are collections of experimental 
constants: 

In eq 19, the first term represents the effects of the 
osmotic interactions resisting compression; the second 
term accounts for the effects of elasticity resisting chain 
stretching. All of the quantities, except 8, involved in eqs 
19-22 are directly determined by independent experi- 
ments. In this feature, these equations differ from the 
original formulation of the PTH model. The additional 
constant /3 is used to account for the effects of the 
discrepancy with bulk osmotic pressure data idscussed in 
connection with Figure 2. 

Figure 3 compares the data shown in Figure 1 with the 
model prediction (eq 19) in reduced form. The dotted 
line is the prediction of the model with /3 = 1 (with no 
correction for the discrepancy with bulk osmotic pressure); 
the solid line is that with @ = 0.58 which corresponds to 
the solid line indicated in Figure 2 (the apparent high 
compression asymptote of Afr,ad). Figure 3 shows that 
correcting Afr,m by this factor in the formulation of the 
model for the force-distance profile gives good agreement 
with the data. 

In Figure 3, we note that the data for the block copolymer 
layers having different N, u, and chemical composition 
(PI and PS) are well-collapsed in a single curve with the 
reduced variables f and a. While there remains a certain 
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Figure 3. Comparison of the surface force data (symbols) and 
the prediction of the model of Pate1 et al? (thin dotted line for 
,!3 = 1 and thick solid line for (3 = 0.58; see text) on double 
logarithmic scales. The sense of the symbols is the same as in 
Figure 1. The thick dashed l i e  indicates the prediction of the 
model of Milner et al.B with j3 = 0.58. 

dispersion in the plot, it is not systematic with respect to 
tethered chain length, surface density, or chain type. Some 
of this small dispersion may be due to our lack of accounting 
for the swelling of the PW anchor blocks or the fact that 
the covalent bond joining the anchor and the nonadsorbing 
block is not rigidly fixed at a precise elevation above the 
mica surface. The point of onset of detectable forces is 
particularly well-scaled through the reduced variable a. 

Concerning the form of the universal force-distance 
profiie, we see that the PTH model underestimates f if 
the overlap threshold for bulk homopolymer solutions (/3 
= 1, dotted curve) is used in the model. On the other 
hand, quantitative agreement is seen between the model 
with /3 = 0.58 and the data at compression greater than 
f = 10. In some sense, this means that the PTH model 
agrees well with the force-distance data at intermediate 
compressions if the osmotic free energy term is estimated 
from data at  high compressions. 
As can be seen clearly from the double logarithmic plot 

of Figure 3, the PTH model underestimates f for larger 
a, even with /3 = 0.58. This kind of discrepancy has been 
noted in previous comparisons of force data with theory.3s 
It appears that the step-function density profiie assumed 
in the PTH model becomes a poorer approximation for 
larger a. Naturally, given ita character, this model works 
better when D is smaller and the segment density in the 
gap is fairly uniform. 

Milner et al.6 have developed amodel (MWC) that treats 
the segment density profile in the tethered brush more 
realistically. Osmotic and elastic contributions to the free 
energy are still the ingredients of the model. In the MWC 
model, however, the balance between osmotic repulsion 
and elasstic resistance is done locally, a t  each point along 
the chain, and self-consistently, in contrast to the PTH 



6462 Watanabe and Tirrell Macromolecules, Vol. 26, No. 24, 1993 

therefore is in a position to control the amount of 
entanglement with a brush. In addition to the effects of 
tails, effects of even small polydispersity should be 
considered.6 Milner has suggested that they are important 
in quantitative corn par is on^.^^ In our case, even if we had 
perfect monodispersity, the fact that the covalent links 
between the nonadsorbing and adsorbing blocks could 
occupy a small range of positions above the mica surface 
could produce an apparent polydispersity in the length of 
the tethered chains, since some would be able to reach 
farther out from the surface by virtue of their anchoring 
position. None of these effects are important in the higher 
compression regime and, quantitatively, do not seem to 
be very large, even in the weaker compression regime of 
our data. 

Force-Distance Profiles for Asymmetric Layers. 
For asymmetric layers, each one composed of a different 
species 1 and 2, the Derjaguin analysis23 relates the 
measured quantity F(D)IR to the free energy fi(D) of the 
layers i (= l ,  2) per unit area by 

model which assumes that every chain is equally stretched 
and balances effects over the chain as a whole. The MWC 
model is based on a less restrictive assumption than 
uniform stretching; namely, it assumes that every region 
of the chain is strongly stretched locally to the point that 
fluctuations around the most probable chain trajectory 
are unimportant. This model produces a segment density 
distribution that varies with distance from the tethering 
surface. 

In the simplest form, applicable to the moderately high 
density of end-anchored chains and weak excluded volume 
effects, this type of model can be solved analyti~ally63~~ to 
give a parabolic dependence of the segment density on 
distance from the anchoring surface. That form of the 
model does not apply strictly to the data here, which are 
subject to stronger excluded volume correlations, for the 
same reasons that the PTH model had to be modified. 
Milner et al.6 also developed a form of the model 
appropriate for semidilute cases with excluded volume. 
As in the PTH model, the MWC model predicts a universal 
form of the relationship between f (eq 17) and d (eq 18) 
for forces in semidilute good solvents, although that 
relationship cannot be expressed in a compact, analytical 
form. We have evaluated it numerically by following the 
procedure developed by Milner et al.6 

In Figure 3, the heavier, dashed line indicates the free 
energy calculated from the MWC semidilute model using 
parameters equivalent to  the PTH model with j3 = 0.58. 
These two models converge in the high compression limit 
since, in this region of compression, the more detailed 
treatment of stretching by MWC, and the resultant 
differences in the segment density profiles between the 
two models, have been rendered irrelevant by the impo- 
sition of confinement by squeezing the layers and the 
consxequent uniform segment density in the gap. On the 
other hand, in the larger d limit, corresponding to f less 
than about 10, the MWC agrees better with the data plotted 
in this universal format. The nearly parabolic profile 
predicted by the MWC model is necessary for an accurate 
prediction of the onset of repulsive forces in the weak 
compression regime. We point out again that, apart from 
the factor j3 which is necessary to make the high com- 
pression data coincide with the osmotic pressure of a free 
solution, the form of the MWC model we apply has no 
adjustable parameters. All constants are determined 
independently by our measurements of chain length and 
surface density of adsorbed chains. 

The double logarithmic plot of Figure 3 also shows that, 
a t  the very weakest compressions, there is the most 
dispersion of the data sets from one another and from the 
universal format. These are the data that we measure 
with the least precision, so we should avoid attributing 
too much significance to them. However, there are some 
additional, real effects anticipated to occur in this region 
which may be relevant and should be mentioned. First 
of all, the local, strong-stretching assumption embodied 
in the MWC model must breakdown at  the periphery of 
the brush where the segment density becomes sufficiently 
low so that the osmotic interactions no longer generate 
stretching. This feature was evident in the calculations 
of Hirz and others6 where a “tail” of apparently exponential 
form is expected. Milnerll discusses this region in detail; 
we only mention it here to bring attention to the fact that 
universal MWC behavior is not expected for very weak 
compression. 

This region is of considerable practical interest since, 
whereas the denser, inner brush is largely impenetrable 
because it is stretched, the periphery is penetrable and 

where Li is the thickness of the compressed layer i and 
Li,q is the equilibrium thickness for that layer. Thus, 
independently of any molecular model, we can compare 
the FIR data for the asymmetric interactions with ex- 
pectations based on the measured symmetric interactions 
assuming, in developing these expectations, that (1)  there 
is no penetration between the layers in either the sym- 
metric or asymmetric cases and (2)  the chain configuration 
and segment density profile (and hence the free energy) 
in a layer i are determined only by the thickness, Li, of 
that layer, and are the same for the symmetric and 
asymmetric cases when Li is the same. With these 
assumptions, the minimization of the free energy of an 
arbitrary two-layer, interacting system gives 

where the subscripts 1 , 2 ,  and a stand for the symmetric 
layers of the copolymers 1 and 2, and the asymmetric layers, 
respectively. When the two layers are chemically identical, 
eq 25 may be rewritten in terms of the reduced free energy 
of symmetrical interactions, (cf., eq 9 and Figure 21, 
and the concentration in respective layers, c,  as 

[dAfr,ad/a(l/c)ll = [aAfr,ad/a(l/c)12 (25’) 
(Here we have assumed D >> Lpvp; cf., eq 6.) 

The minimization calculation for F,(D)IR based on the 
symmetric layer data of Figure 1, and the above assump- 
tions, was carried out in two ways. The first was the direct 
numerical differentiation according to eq 25. The second 
method we employed, since we were concerned about 
possible numerical errors with the first, was to scan the 
values of Di in the Fi(Di)lR data, under the constraint 20 
= D I  + DZ to determine the minimum of the sum FI(DI)IR 
+ FZ(D2)lR. The results of those two methods were in 
good agreement. 

Among the polymers for which data on symmetric 
interactions are presented in Figure 1, three different kinds 
of asymmetric interactions can be studied chemical, where 
one brush is PS and the other is PI; molecular weight, 
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Figure 4. Data on chemical asymmetric interaction. Symmetric 
interactions between PVP-PS and between PVP-PI layers 
compared with asymmetric interactions between the two. All 
data were obtained in toluene at 32 “C. 

where chains of the same type and the same number per 
unit area but of different lengths; structural, where again 
the chains are of the same type but now with different 
numbers of chains per unit area in each brush. The 
polymers of Figure 1 provide pairs where each of these 
effects can be studied separately. 

We examine the case of chemical asymmetry first. 
Figure 1 shows that the symmetric force curves for PVP- 
PI 64-39 and for PVP-PS 60-60 are nearly identical. 
Moreover, the surface densities measured, reported in 
Table 11, for these two polymers are very close. This is 
to be expected since the size of the anchors and the coil 
dimension of nonadsorbing blocks are quite close. The 
study of this asymmetrical interaction would permit the 
observation of any additional interaction force due to the 
chemical dissimilarity of PI and PS, a pair of polymers 
that are strongly immiscible in bulk and phase separate 
in toluene even at  low concentration. Figure 4 shows the 
data on this asymmetric interaction, superimposed on the 
two symmetric interaction curves, where it is readily seen 
that there is no significant difference among the three of 
them. 

While a t  first blush, this result may seem surprising, we 
believe that it is exactly what one should expect given the 
idea that polymer brushes are scarcely penetrable. In fact, 
the similarity among these three curves is certainly 
consistent with impenetrability. If there is little pene- 
tration between similar (symmetric) layers, one should 
not expect there to be an appreciable effect of increasing 
the repulsion between the brushes further by making them 
chemically dissimilar. 

The effect of molecular weight asymmetry is illustrated 
in Figure 5. The force-distance profiles for the symmetric 
interactions for PVP-PS 60-60 and PVP-PS 60-90 are 
illustrated by the two broken lines. Table 11 shows that 
these polymers have very close values of surface density. 
The data agree reasonably well with the expectations of 
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Figure 5. Data on molecular weight asymmetric inbraction. 
Force-distance profiies for asymmetric interaction of layers of 
PVP-PS 60-60 and fM-90 copolymers obtained in toluene at 32 
OC. The longer-ranged and the shorter-ranged dashed lines 
represent the two symmetric interactions. The solid line is the 
prediction of the bisection rule (see text). 

eqs 24 and 25, which has been called a “bisection 
where impenetrability is still an essential ingredient. The 
two brushes of different heights meet a t  the position 
corresponding to the sum of the two single brush heights. 
On further compression, the force-distance profile follows 
closely the curve predicted on the basis that the two layers 
compress individually without interpenetrating one an- 
other more than they did with themselves in the symmetric 
experiment. The data actually tend to be slightly, but 
systematically, on the high side of this prediction. This 
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could be due to the fact that the small degree of 
penetrability of each of the two brushes would not be 
expected to be exactly equal. At  equal density of tethered 
chains, the depth of the interpenetrating region, 6, relative 
to the equilibrium layer thickness Le, (eq 16), should vary 
with chain length as 6/L,, - N-2/3.35 Thus, the larger 
brush is less penetrable, as gauged by the penetrable 
fraction of its total height. This could account for the 
small deviation from the bisection rule in Figure 5. 

Figure 6 compares the force-distance data obtained for 
the PVP-PI 30-217/26-50 asymmetric pair interaction 
with the prediction of eqs 24 and 25. In this case, we have 
chemically identical blocks, as in Figure 5; however, both 
the chain length and the surface density are different on 
the two opposing surfaces. In fact, the surface density of 
the higher molecular weight polymer is lower by nearly 
the same proportion as the ratio of the chain lengths of 
the PI blocks, leading to the interesting situation that the 
two surfaces have a similar number of segments tethered 
to them but, on one side they are in a looser, softer brush, 
while on the other side they are in a denser, stiffer brush. 
These data deviate noticeably from the bisection rule 
(indicated by the solid curve). Whereas the onset of the 
interaction occurs at a separation equal to the sum of the 
two individual brush heights, the rise in the forces with 
further compression is softer than that anticipated from 
the noninterpenetration idea. The repulsive force ob- 
served is smaller by a factor of about 2 at  intermediate 
separation. The difference between the actual data and 
the bisection rule is the largest at intermediate D and 
decreases at smaller separations. 

A distinction to be drawn between the results of Figures 
5 and 6 is that of the concentrations of segments within 
the opposing brushes, CI and c2. In the range of D 
examined, c1 and c:! calculated under the assumption of 
impenetrability (cf., eqs 24-25') are almost equal in the 
first case, and unequal in the second case. This difference 
of the two cases is naturally expected from the reduced 
free energies of symmetrical interactions, Afr ad, that are 
summarized in Figure 2. 

For the first case, the PVP-PS 6 W O  and 60-90 layers 
of the same concentrations have indistinguishable hfr,d 
in the entire range of D examined (cf., unfilled triangles 
and crosses in Figure 2). Thus, the free energy of 
asymmetric interaction is minimized at c1 = cp (cf., eq 
25'), even when the compression is weak and the elastic 
free energy still contributes to h f r ,*d .  On the other hand, 
for the second case, the PVP-PI 26-50 and 30-217 layers 
of the same concentration have different hfr,d (cf., unfilled 
circles and squares in Figure 2). This difference, due to 
the elastic contribution, becomes smaller for smaller D 
but still remains even at  the highest compression examined 
in Figures 2 and 6. Under the assumption of impenetra- 
bility, the free energy minimization for such asymmetric 
layers leads to c1 # cz (cf., eq 25'): It  leads to  c1 = cz only 
when the elastic contribution vanishes a t  much higher 
compression (not achieved in this study). 

For the first case with c1= cp, there would be little driving 
force to overcome the impenetrability, and we naturally 
expect the bisection rule to hold. On the other hand, for 
the second case, unequal concentrations in the opposing 
brushes would create this driving force. We could imagine 
the following hypothetical experiment. If we insert an 
impermeable membrane between the layers, the bisection 
rule should hold but the concentrations on either side of 
the membrane are unequal. In such cases, the removal of 
the membrane (corresponding to the real situation in our 
experiments) should be expected to induce some inter- 
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Figure 6. Data on structural asymmetric interaction. Force- 
distance profiles for asymmetric interaction of layers of PVP-PI 
30-217 and 26-50 copolymers obtained in toluene at 32 "C. The 
longer-ranged and the shorter-ranged dashed lines represent the 
two symmetric interactions. The solid line is the prediction of 
the bisection rule (see text). 

penetration and/or rearrangement of chain configuration 
so that the concentration mismatch is diminished. Then, 
too, the forces between the two layers should be expected 
to decrease somewhat from the bisection rule prediction. 
This is what we observe in Figure 6. Shim and C a t e ~ ~ ~  
have made self-consistent field calculations to examine 
some situations of structural asymmetry: they conclude 
that interpenetrability softens the force profile; however, 
at the degree of precision for which they calculated the 
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profiles (they calculated force profiles spanning 6 orders 
of magnitude in force), they could not Bee a large difference 
in penetrability produced by structural asymmetry. This 
issue deserves further attention. 

Adhesion of Dry Block Copolymer Layers. A typical 
fringe shape observed when the dry surfaces were in 
adhesive contact is illustrated in Figure 7. This fringe 
shape appeared spontaneously on initial approach of the 
two P I  surfaces but required compression of the PS 
surfaces, as described in the Experimental Section. This 
is typical of the fringe shape when no external load is 
applied to the two surfaces in contact. On application of 
a tensile force (i.e., in the direction tending to separate the 
surfaces), the contact area, observed as the measured size 
of the flat part of the fringe, diminished until the two 
surfaces jumped apart from a finite area of contact, as 
predicted by the JKR theory.z6 The shape of the fringes 
a t  zero load is predicted by the JKR theory to be 

h’ = (p’ - 1)’” + (p’ - 213) tan-’(p’ - 1)l” (26) 
where h’ = h?rR/acz and p‘ = p/ac, with h being the 
separation at  a certain radial position p from the center 
of contact and a, being the area of the contact between the 
two surfaces. Figure 7 compares the measured fringe shape 
with this prediction; the agreement seems to be reasonably 
good. This has been found to be the case for measurements 
of the contact shape between other materials as ~ e l l . ~ ~ 9 ~ ~  
On this basis, we have used the JKR theory to convert our 
measurements of pull-off force (or the force required to 
separate the surfaces, F,) to adhesive energy. 

According to the JKR theory, the adhesive energy, y, 
is related to the pull-off force by 

y = F8/3?rR (27) 
On the basis of this equation, the adhesive energy was 
determined to be 

0 -  
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y = 25 f 5 mJ/mz for PVP-PS 60-60 

y = 55 f 10 mJ/mz for PVP-PI 30-217 

Independent measurements have establishedzz that when 
adsorbed layers such as these are dried, there is good 
vertical separation of the PS (or PI) from the PVP, so that 
we may accurately presume that the contact we are 
measuring is between two PS or PI  surfaces. These 
numbers may then be compared with the literature values 
of the surface energies of PS and PI, which are 30 f 5 
mJ/mz for PS and 34 f 3 mJ/mz for PI.39 

If the contact between the two layes in the surface forces 
apparatus produces only a reversible decrease in surface 
area of the two layers of material, but no interpenetration 
or rearrangement, they y is expected to be equal to the 
thermodynamic surface energy of the polymer. In com- 
paring our data with literature surface energies, we see 
that, for PS, there is close agreement; however, for PI, the 
energy from the pull-off force is significantly larger than 
the literature surface energy. 

PS is glassy under the conditions of our experiment, so 
that it is reasonable to suppose that there is molecular 
contact but no interpenetration between the dry PS layers. 
Measurement of the surface energy of a solid PS film by 
reversible contacting in the surface apparatus is similar 
in spirit to the measurements of the surface energy of 
solid polymers developed by Merrill et aLZ7 where the mica 
itself is replaced by a thin solid polymer rather than coated 
with it, as we have done here. Both methods may be 
usefully pursued as avenues to solid surface energies. 

a) 

b) 

P’ 

before contact after contact 

I 

.3 1 
h’ 

Figure 7. (a) Schematic diagram for the surface of dry block 
copolymer layers before and after contact. (b) Comparison of 
the surface profile for PVP-PI 26-50 copolymer obtained at 32 
O C  with the prediction of JKR theory.26 The three symbols 
indicate the surface profiles obtained for three contact spots 
having different values for R and a,. 

PI is well above its glass transition at  the temperatures 
we have used (32 OC), so that it is reasonable here to expect 
the thin, dry PI surfaces to rearrange and interpenetrate 
on contact. The energy values that we measure, higher 
than reported surface energies, certainly reflect this 
interpenetration. One possibility is that the configura- 
tional constraint of the PI  chains, confined to a film smaller 
than their natural molecular dimensions, is partially 
released on contact since the chains can expand by 
interpenetration into twice their volume, giving rising to 
a drop in the total energy of the two layers on contact. 
Interpenetration could also introduce nonequilibrium 
contributions to the pull-off energy, such as energy 
dissipation on pull-off due to disengagement. In this 
connection, it is important to note that we could observe 
no dependence of the pull-off force on time in contact 
from a few seconds to times of order 1 h. 

Conclusions 
We have measured the surface forces and the grafting 

densities for several PVP-PI and PVP-PS block copol- 
ymer layers adsorbed on mica in toluene. All of the force 
versus distance data on six pairs of symmetrical interac- 
tions collapse with reasonable accuracy in a reduced plot, 
the variables of which are suggested by models developed 
by Pate1 et al.9 and by Milner et The shape of this 
curve is predicted with reasonable accuracy by both 
models, with an advantage to the latter. There are no free 
parameters in this comparison. Quantitatively, with our 
estimates of the necessary parameters, both models 
underpredict the force and its range by a factor of about 
2. This difference seems to be related to a difference of 
osmotic pressure in the adsorbed layer and homopolymer 
solution of the same concentration. 
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The surface density data in Table I1 show that none of 
these layers are very strongly into the overlap or brush 
regime. It is interesting then to note how well these brush- 
type models do in representing the data. It is also a 
testimony to the power of the models that the form of the 
data on two very different types of tethered chains, PS 
and PI, is virtually identical. 

One aspect of tailoring interactions between layers of 
polymeric amphiphiles such as these has also been explored 
in this work, namely, asymmetric interaction between two 
different layers. Chemical, molecular weight, and struc- 
tural asymmetries were all studied. These data produced 
additional support for the idea that even relatively sparse 
brushes are scarcely penetrable by a chain coming from 
outside. Future directions in tailoring these interactions 
will include the study of controlled distribution in the 
molecular weights of the tethered chains (e.g., bimodal 
brushes40) and interactions among the tethered chains 
other than excluded volume (e.g., electrostatic interactions 
in tethered poiyele~trolytes~~). 
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