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ABSTRACT: We have studied both the equilibrium and the hydrodynamic lubrication forces that act in the 
normal direction between mica surfaces in toluene when bearing polystyrene chains anchored to each surface 
by a zwitterionic group at one end. The quasistatic force-distance profiles reveal the long-ranged repulsion 
characteristic of steric interactions between the extended brush-like layers in the good solvent and provide 
a measure of the brush thickness L in close agreement with earlier studies of such brushes. Dynamic 
measurements of the surface forces, where the surface separation D is varied sinusoidally in time, show two 
regimes: at D > 2.5L, the hydrodynamic forces are characteristic of Newtonian flow of liquid with the 
viscosity of bulk toluene, but with a shear plane shifted a distance LH from each mica surface (qualitatively 
similar to earlier observations with adsorbed homopolymer layers). We find that L = LH. When the layers 
are compressed ( D  < Z), the hydrodynamic forces are dominated by flow of solvent through the confined 
polymer layers in the gap. They may be described by an “effective viscosity” which increases as D decreases, 
varying in fair quantitative accord with a recent model. At the highest compressions ( D  < L/2)  the confined 
polymer layers behave in a solid-like manner, suggesting that the confinement between the surfaces greatly 
increases molecular relaxation times. 

I. Introduction 

Adsorbed or grafted polymers are commonly used to 
stabilize colloidal dispersions in a variety of systems, 
ranging from pharmaceuticals to ferrofluids.’r2 In recent 
years the nature of the interactions between polymer- 
bearing surfaces has been widely studied, both theo- 
reticallg4 and by direct meas~remen t s .~~  In particular, 
extensive use of the mica surface force balance has enabled 
determination of the quasi-equilibrium force distance laws 
between surfaces bearing both adsorbed and grafted 
polymers in a broad range of  condition^.^ Such experi- 
ments are sufficiently direct to allow detailed comparison 
with microscopic models, and the physics of these equi- 
librium forces is now reasonably well Much 
less is known about the forces that act between polymer- 
bearing surfaces when they are in relative m o t i ~ n . ~ J ~  These 
are important in determining the rheological behavior of 
sterically-stabilized dispersions, especially at  high con- 
centrations of the diperse phase,ll where hydrodynamic 
interactions may dominate the equilibrium forces. Such 
interactions, associated with the flow of liquid between 
solid surfaces in relative motion, are known as lubrication 
forces.12 They play a central role in a range of applications, 
most obviously in effects involving sliding and friction 
(and its reduction) between solids,13 but also in the flow 
of fluids past surfaces,14 the rheological properties of 
multiphase systems,11 and the flocculation and aggregation 
rates of colloidal s01utions.l~ 

The problem of hydrodynamic forces between smooth 
solid surfaces moving with respect to each other in a liquid 
is classical.12 For the case of two flat parallel surfaces a 
distance D apart moving parallel to each other at  relative 
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velocity u, the shear stress is given by 

l7 = +q (1) 

where 9 = v / D  is the shear rate, and 7 the shear viscosity 
of the fluid. The case of a sphere moving parallel (and 
close) to a flat surface is more complicated and has been 
analyzed only recently.12J6 The geometry of the exper- 
iments described in this paper i s  that of a sphere, radius 
R,  moving at  velocity dDldt = D normally with respect to 
a flat surface a closest distance D apart. In the lubrication 
limit R >> D Reynolds17 showed in 1886 that, for a 
Newtonian liquid of shear viscosity 7, a hydrodynamic 
force FH, given by 

FH = 6rR2q(b /D)  (2) 

acts to oppose the motion. This force is due to a transverse 
pressure gradient in the annular region between the 
surfaces, which causes the viscous liquid to flow radially 
out of (or into) the gap as the surfaces approach (or recede). 

In the present work we are mainly concerned with 
lubrication forces between surfaces bearing polymers in 
a liquid medium. In such cases, where layers of surface- 
attached chains are trapped and compressed, as indicated 
in Figure 1, flow of the liquid within the intersurface gap 
is further impeded by the need for it to pass through the 
network-like polymer structure. The result can be a large 
magnification of the lubrication force FH. This effect was 
noted already during early measurements of forces between 
mica surfaces bearing adsorbed polystyrene in cyclohexane 
in poor solvent condition~.‘~J~ An analysis18 based on a 
simplified extension of eq 2 indicated a strong enhance- 
ment (by a factor of order 100) of the time it would take 
for the two polymer-bearing surfaces to jump into contact 
under an attractive force, relative to the time expected for 
such a jump in the absence of polymer; such enhancement 
of jump times was indeed observed experimentally.18J9 

In recent years the mica surface force apparatus, used 
originally for the direct measurement of the quasi-  
equilibrium interactions F(D)  between curved mica sur- 
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Figure 1. Schematic illustration of curved interacting surfaces 
(radius of curvature R )  bearing polystyrene chains attached by 
one end (via the zwitterion X at that end) with amean interanchor 
spacings and a brush thickness L. In the dynamic experiments 
the top surface is moved sinusoidally with amplitude Ao, so that 
the distance of closest approach D varies as (D + A  sin(&)). D(r) 
is the surface separation at a radial distance r as shown. 
faces a closest distance D apart,18120 has been extended 
also to the systematic study of friction and lubrication 
forces between such ~ur faces .~ l -~~  In these, the forces are 
measured while the mica surfaces are in relative normal 
or lateral motion. Studies have been carried out in simple 
l i q ~ i d s , ~ l - ~ ~  in polymer and in the presence of 
adsorbed and surfactant layers.29 Two 
main approaches have been employed for the case of 
normal relative motion of the mica surfaces. In the first, 
Chan and Horn21 applied a constant motion to the base 
of the spring supporting one of the surfaces, driving it 
toward the other; from the change in the resulting 
separation D between the surfaces, the force FH was 
obtained as a function of time. By applying Reynolds' 
equation together with the appropriate (equilibrium) 
intersurface force F(D)-determined separately in the 
usual quasistatic method-they were able to show that 
the measured rate of approach of the surfaces across the 
thin liquid films was as expected theoretically, if the 
viscosity of the liquid equals ita bulk Newtonian value 
down to a few nanometers. Horn and Israelachvili 
subsequently showed this was true also for a much more 
viscous oligomeric 

In the other approach Israelachvili,22 and subsequently 
Montfort and Hadzii0annou,2~ applied a sinusoidal motion 
to one of the surfaces so that the separation D between 
them also varied sinusoidally. For a motion A0 sin(wt) 
applied to the top surface, and as long as the driving 
frequency w is much lower than the resonant frequency 
of the supporting spring, the separation between the 
surfaces varies as 

D'(t) = D + A sin(wt + 4) (3) 
and the following relation holds: 

~ T R ~ ~ / ( K [ ( A ~ A ) ~  - 131'2) I S(R,w,AO,K) = D/qo (4) 

where R is the mean radius of curvature of the two mica 
sheets, Kis the constant of the spring supporting the lower 
mica surface in the surface-force apparatus, and 70 is the 
viscosity of the medium separating the surfaces.31 The 
left-hand side of eq 4, designated 9, is a central quantity 
in the present work. From eq 2 we may write !3' = 6uR2- 
( ~ / F H ) ;  i.e., it is proportional to the mutual velocity b of 
the surfaces per unit instantaneous hydrodynamic force 
FH. In this sense 9 may be thought of as an "effective 
mobility" of the top surface as it moves with respect to the 
lower one. Larger 0 values imply that it is easier to push 
the surfaces together (or apart). From eq 4 a plot of 9 
against surface separation D should yield a straight line 
with slope (l/qo) running through the origin (D = 0). For 
the case where each surface bears a polymer layer of some 

effective hydrodynamic thickness LH, eq 4 still holds for 
D >> ~ L H ,  but the equation is now modified to27 

(5) 
This is equivalent to shifting the plane of shear (defining 
the no-slip boundary) in the original Reynolds equation 
from the original (polymer-free) solid-liquid interfaces to 
a distance LH from each surface. A plot of eq 5 should 
then manifest a linear regime at  D >> ~ L H ,  with a slope 
q0-l and an intercept D = ~ L H .  In a study of polystyrene 
adsorbed onto mica from cyclohexane at room tempera- 

(poor solvent conditions), precisely such behavior 
was observed (with LH = R,, the polymer radius of 
gyration). At D I 2L, however, where L is the actual 
thickness of each brush, the polymer layers come into 
overlap (Figure 11, solvent must flow within the layers as 
the surfaces approach or recede, and the behavior becomes 
more complicated. Such behavior has not, to date, been 
experimentally investigated. 

Recently, two of us have analyzed32 the form of the 
lubrication forces expected between two polymer-bearing 
surfaces in mutual normal motion at  separations much 
less than twice the hydrodynamic thickness of the layers 
(i.e., under strong compression). The precise behavior is 
sensitive to the way in which the hydrodynamic screening 
length depends on the segment concentrations within the 
surface-attached polymer layer, as will be discussed in 
more detail later. From this analysis it is possibleto deduce 
the form of the lubrication forces at D << 2L and to recast 
the right-hand side of eq 4 in a way which accounts for the 
additional forces acting on the fluid as it  is forced through 
the polymer network compressed between the surfaces. 

The experiments described in this paper were designed 
to examine the lubrication interactions between two 
surfaces bearing end-attached (but otherwise nonadsorb- 
ing) polymers in a good solvent (polystyrene in toluene) 
over the entire range 2L << D << 2L and in addition to 
compare the results critically with the above theoretical 
model. In section I1 we describe the experimentalmethods 
and the materials used, and in section I11 we present the 
results. In section IV the theoretical model is discussed 
and compared with the data in the appropriate surface- 
separation regime. We conclude with some remarks on 
the dynamics and the stability of confined polymer layers 
and on the relation of the present study to the case of 
lubrication forces between polymer-bearing surfaces un- 
dergoing pure shear motion.10p2s 

11. Experimental Section 
Apparatus. The experiments were carried out using a mica 

surface force balance18s20 (MkIII). In this, curved mica sheets are 
mounted opposite each other in a crossed cylinder confiiation. 
The separation of closest approachD between the surfaces (which 
are half-silvered on their back surface) is measured via optical 
interferometry to within a3 A in the range from contact (D = 
0) to a few thousand angstroms. The shape of the interferometric 
fringes gives the mean radius of curvature R (-1 cm) of the mica 
sheets. The separation D is controlled via a multistage mech- 
anism. The fine stage is a piezoelectric tube (PZT) on which the 
top mica surface is mounted and which can move it normally (by 
axial contraction or expansion of the PZT in response to an applied 
voltage) with respect. to the lower mica surface. This lower surface 
is mounted on a rigid support via a flexible leaf of spring constant 
K, whose bending yields the normal force between the surfaces. 
The spring stiffness can be varied from the outside of the 
apparatus during the course of an experiment within the range 
of values K = W-109 N/m. For the dynamic measurements the 
interferometric fringe pattern is recorded on a video casette 
recorder (VCR), and the variation of D-as the top surface is 
moved sinusoidally via a periodic potential applied to the PZT-is 

9 = (D - =,)/so 
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Table I* 

polymer Mw MwIMn RF@) 
PS 1.31 X lo5 1.03 89 315 
PS-X(375K) 3.75 X IO5 1.03 173 575 

The polystyrenes were synthesized and (in the case of the PS-X) 
end-functionalized as described earlier.33 Molecular weights were 
determined by size exclusion chromatography and by light scatbring. 
R, and RF are the values of the unperturbed radii of gyration and of 
the rms swollen end-to-end dimension of the polymers in toluene.33 
The zwitterionic group (designated X) has the structure [N+(CH3)2- 
(CHhS03-I. 

analyzed from the video recording subsequent to the experimental 
runs.22 In these experiments the amplitude of the sinusoidal 
motion and its frequency (A0 and (ol2t) in eq 3) were varied in 
the range 500-3000 A and 0.1-1 Hz, respectively. The room 
temperature of the experiments was 22.5 * 0.5 OC throughout. 

Materials. All solvents used were analytical grade and used 
as received. The sucrose (used as glue) was analytical grade 
(BDH). The polymers used were an unfunctionalized polystyrene 
(designated PS), which was used for control measurements, and 
polystyrene terminated with the zwitterionic group [N+(CH3)2- 
(CH2)3S03-] (designated PS-X(375K)), which was used to create 
the end-attached polymer layer. Their molecular characteristics 
and provenance are given in Table I. Identical polymers were 
previously used as part of an extensive of the structure 
of surface-attached polymer brushes and their mutual interac- 
tions. 

Procedure. The experimental procedure was as follows: the 
apparatus and the cylindrical glass lenses on which the mica 
sheets were to be mounted were cleaned by sonication in toluene, 
rinsed with filtered ethanol, and allowed to dry in a laminar flow 
hood. The mica sheets were glued onto the lenses using sucrose 
as glue (melting grains of sucrose on the lenses, laying a mica 
sheet on each lens, and allowing to cool) and were then mounted 
into the apparatus. After determining the air contact wavelengths 
of the interference fringes, toluene was introduced and the force- 
separation profile F(D) was determined in the usual (quasistatic) 
way, using a differential approach to minimize the effects of 
thermal drift.34 Dynamic measurements in the polymer-free 
toluene were then carried out. The unfunctionalized polymer 
PS was then added to the required concentration, and F(D) was 
determined after a suitable incubation period to verify that no 
adsorption of the unfunctionalized chains was occurring in the 
conditions of the experiments. Following this, dynamic mea- 
surements were again performed as a control. Finally, the 
zwitterion-terminated PS-X(375K) was added to the cell. After 
incubation in the solution and formation of the end-attached 
polystyrene brush, normal force profiles F(D) and dynamic force 
measurements were carried out. For the dynamic measurements, 
the driving amplitude Ao, frequency w, and spring constant K 
were also varied a t  each position so as to optimize the value of 
A at the different surface  separation^.^^ 

111. Results 
Normal force profiles F(D)  in  the quasistatic mode and 

the  “viscosity profiles” (eq 4) in the  dynamic mode were 
first determined in  the polymer-free solvent. The force- 
distance profile is shown in Figure 2 (circles and squares) 
and resembles earlier  observation^^^^^^^^^ (indicated by  the 
shaded band): little interaction from large separations 
down t o  D x 100 A, followed by  a jum into a strong 

air-contact separation), d u e  to capillary condensation of 
water between the mica surfaces from the undried toluene. 
Dynamic measurements (A0 = 480 A at 1 Hz) in  the pure 
solvent were then carried In  Figure 3 9 (eq 4) is 
plotted against the mean surface separation D: this reveals 
a linear variation whose inverse slope is 0.55 f 0.02 CP and 
which intercepts the surface separation ( D )  axis at D = 3 
f 2 nm. T h i s  value of t he  inverse slope is close t o  the  
literature value39 of the viscosity of bulk toluene, qo = 0.56 
cP at 23 “C. T h e  intercept on the surface separation axis 

adhesive contact (to a separation D = 10 K relative to the 

- 2  I02  
0 200 400 600 
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Figure 2. Quasistatic force (F) vs distance (D) profiles between 
the curved mica surfaces in pure toluene (0, 0 )  and following 
overnight incubation in a 10-4 g/mL solution of PS (+, X). The 
force profiles are normalized by the mean radius of curvature R 
(R = (R1Rz)l12 2: 1 cm, where R1 and R2 are the respective radii 
of the mica surfaces) to yield the interaction energy per unit area 
in the Derjaguin approximation.l8vm The shaded band indicates 
the range of values determined in earlier force-distance profiles 
in this ~ y s t e m . ~ ~ ? ~  Following incubation in the PS solution the 
surfaces experience a weak short-range repulsion before jumping 
(arrows) into strong adhesive contact as in the polymer-free 
solvent. 
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Figure 3. Variation of 9 (=6~R~ol(K[(AolA)~ - 111/2)) with 
surface separation D for curved mica sheets in pure toluene. A 
frequency of w / 2 t  = 1 Hz and a driving amplitude A0 = 480 A 
were used, with K = 1.44 X lo2 N/m. The straight line has a 
slope l / q ,  with 7 = 0.55 cP. 

suggests the shear plane is at 1.5 f 1 n m  away from the 
mica surfaces defined by  the air-contact position, possibly 
due to a thin layer of water adhered strongly t o  each surface 
from the toluene. 

Following the  dynamic measurements in the pure 
solvent, unfunctionalized polystyrene (PSI was added to 
the toluene in  the cell to a concentration lo4 (*5% ) g/mL 
and the solution stirred. After overnight incubation in 
the PS solution, t he  normal force-separation profile was 
determined: the results are  shown in  Figure 2 (crosses) 
and are similar to the F(D) variation in the polymer-free 
solvent. This is again consistent with the  earlier stud- 
ies33,36p37 and confirms that there  is no significant adsorp- 
t ion of the unfunctionalized polystyrene from the toluene 
onto the mica.4O Dynamic measurements were then carried 
out, and a plot of 9 vs D (eq 41, shown in Figure 4, again 
reveals a linear variation similar to that obtained in the 
absence of polymer: t h e  inverse slope is 0.54 f 0.02 cP,  
while the intercept on the  surface separation axis is slightly 
larger at D = 10 f 3 nm.41 
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Figure 4. Variation of 9 vs D following overnight incubation in 
10-4 g/mL PS solution in toluene. Values of w ,  Ao, and K are as 
in Figure 3. The straight line has a slope l /q,  with q = 0.54 cP. 
The broken line is from the fit in Figure 3. 
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Figure 5. Quasistatic force (F) vs surface separation (D) profiles 
between curved mica surfaces following overnight (and longer) 
incubation in 10-4 g/mL PS-X solution in toluene (normalized by 
the mean radii of curvature R of the mica surfaces as explained 
in the caption to Figure 2). Different symbols refer to different 
contact positions. The broken curve is taken from force profiles 
with the identical system from the study by Taunton et aLSs The 
inset shows the data on a linear scale, incorporating the data 
from Figure 2 in the absence of a polymer brush on the surfaces. 

Following these controls, the PS-X(375K) was added to 
the apparatus to a concentration of 1W ( 1 5 %  ) g/mL, the 
solution was stirred, and the surfaces were left to incubate 
overnight. Subsequent measurements of the (quasistatic) 
force profiles F(D)  and of the dynamic profiles 9 vs D 
were carried out a t  several different points of contact 
between the interacting mica sheets. The results are 
summarized in Figures 5 and 6, respectively. 

Following incubation in the PS-X(375K) solution, the 
force-distance profiles (Figure 5) revealed a long-ranged 
steric interaction due to attachment of the chains to the 
mica surface. Comparison with the interaction profiles in 
pure toluene and in the presence of unfunctionalized PS 
(inset) shows clearly that the attachment of the PS- 
X(375K) chains is taking place via the zwitterionic end 
groups to form extended brush-like layers. Repulsive 
interactions, which commence at  Domet = 2250 f 100 A, 
give a measure of the thickness L of each of the brush 
layers (L = D0,,,J2), while the magnitude of the osmotic 
repulsion in the highly compressed regime in Figure 5 
provides a measure of the adsorbed amount of this polymer 
on the mica surface. Using the approach described in ref 
33, we evaluate this as F' = 3 f 0.5 mg/mz. This 
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Figure 6. Variation of 9 vs D following overnight (and longer) 
incubation in 10-4 g/mL PS-X solution in toluene. Different 
shaped symbols refer to different contact positions and also to 
different values of the frequencies and of the amplitudes at which 
the top mica surface was driven: (X, A, A, 'I) w/27r = lHz, A0 = 

1440 A; (0)  w/2u = 1 Hz, A0 = 2880 A. Values of the stiffness 
of the leaf spring supporting the lower mica surface varied from 
1.44 X 102 to 1.38 X 103 N/m, with the higher values covering the 
regions of highest compression (lowest D). The straight line 
through the data at D > 2500 A has a slope 1/q, with q = 0.54 
cP. The broken line is from Figures 3 and 4 in the absence of 
a polymer brush. 

480 A* (0, *) W / ~ T  = 0.2 Hz, Ao = 480 A; (0) w / 2 ~  1 Hz, A0 = 

corresponds to a mean spacings = 145 f 15 A between the 
zwitterions anchoring the polystyrene chains on the mica 
substrate (Figure l), in agreement with the earlier 
Force-distance profiles F(D) were carried out frequently 
as a control during the course of an experiment; their 
reproducibility (Figure 5 )  even after strongly compressive 
dynamic measurements indicates that the polymer chains 
do not desorb in the conditions of compression and of 
fluid flow in this study. In general, the stiffness of the 
spring constant K was adjusted to lower values (ca. lo2 
N/m) for the F(D) measurements to ensure greater 
sensitivity in detecting the onset of repulsive interactions 
and was increased to higher values (ca. lo3 N/m) for the 
dynamic measurements to achieve greater accuracy in the 
regime of high compressions. 

Figure 6 shows the results of several dynamic profiles 
at  several different contact positions, where the quantity 
0 is plotted against mean surface separation D. The plot 
has a linear region at  D > 2500 A, which is well fitted, as 
indicated, by a line of inverse slope 0.54 f 0.02 cP. This 
is again close to the literature value of the viscosity of bulk 
toluene. At lower values of the surface separation (D < 
ca. 2500 A) the data curve to approach the D axis as shown. 
The theoretical discussion in the following section-which 
we will consider in the light of our data-will be concerned 
with the flow of fluid through surface-attached brushes in 
the regime where the polymer layers are highly compressed; 
for this reason we show this regime (corresponding to the 
broken rectangle in Figure 6) on an expanded scale in 
Figure 7. 

IV. Discussion 
To carry out a critical comparison of our results with 

available theoretical models, it will first be necessary to 
consider several features of the results presented in the 
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flow into a polymer brush is 1,) then a maximal shear rate 
of the liquid as the brushes are close to,overlap (D = 2L) 
may be estimated by the expression for but replacing 
D by the penetration depth 1,. The discussion which 
follows suggests that this penetration depth may at most 
be only of the order of 100 8, or so in our experiments. 
Taking D = (w/a)Ao = lo3 A/s (for A0 = 480 8, at frequency 
1 Hz) v d  R = 1 cm, this gives (putting I, = 100 A in place 
of D) ymaa = lo4 s-l. This is comparable with shear rates 
encountered in recent studies of the forces between similar 
brush-bearing surfaces as they slide past each other10v2s 
and suggests that-in analogy with the sliding studies, 
where brush thickening at y = lo4 s-l was attributed to 
chain stretching-the fluid at these shear rates may be 
significantly stretching the chains also in the geometry of 
the present experiments. 

The dynamic profile 9(D) shown in Figure 6 exhibits a 
linear region 9(D) 0: D at D > 2500 A; this has an inverse 
slope which is equal (within the scatter) to the inverse 
slope in the dynamic profiles in the absence of polymer 
and is close to the literature value for the viscosity of bulk 
toluene. Extrapolating this linear regime, we find that it 
intercepts the surface separation axis at D = DH = 2200 
i 100 A (Figure 6). These observations are in line with 
our earlier discussion (ref 27 and eq 5) ;  in particular, the 
value Of DH corresponds to an effective shear plane at LH 
= D d 2  = 1100 f 50 A away from each mica sheet. This 
is very close to the effective brush layer thickness L = 
1130 f 50 A derived from the F(D) profiles. This 
observation runs counter to predictions based on some 
recent calculations of the velocity profile of liquid flowing 
past a polymer brush on a planar surface.43 According to 
these, the effective shear plane of the liquid is at a depth 
1, from the brush surface, due to hydrodynamic penetration 
of the velocity field into the brush, where 1, = (Ls)'/~, s 
being the mean spacing between anchoring chain ends on 
the substrate surface and L the brush height4 (Figure 1). 
Taking s = 145 f 15 A and L = 1130 * 50 A, we find I ,  
= 405 f 50 A. This corresponds to LH = L - I, = 725 f 
60 A, rather than LH = 1100 A = L as is actually observed. 
The difference is far too large to be attributed to any 
experimental scatter. Partial reasons for this discrepancy 
between experiment and theory may include the necessity 
for some compression of the opposing brushes before onset 
of repulsion is observed in the normal force (F(D)) 
meas~rements;~~ this could lead to an effective brush 
thickness L which may be smaller than the extent of the 
actual brush, though it is not clear whether the magnitude 
of this effect would account for the difference. It may 
also be that the flow field is modifying the form of the 
segmental density distribution so that assumption of the 
parabolic form44946947 is no longer valid. Another possibility 
is that the form of the flow fields as the two curved surfaces 
approach or recede is not identical with that of a fluid in 
shear flow past a planar brush, which was the case 
considered in evaluating the hydrodynamic penetration 
depth Lp4 Whatever the reason, we note that the thickness 
L of a brush, taken from the quasistatic F(D) profiles as 
half the surface separation at  onset of repulsive interac- 
tions, is very close to the hydrodynamic thickness LH 
obtained by extrapolating the dynamic profiles 9 (D) in 
accordance with eq 5; this suggests a rather weak pene- 
tration of the flow field of the fluid into the brush layer, 
as anticipated in estimating above. 

Before examining the present results in the light of 
theory, it is of interest to compare our experiments with 
the only other study with surface-attached chains in a 
solvent, which uses the dynamic measurement approach. 

Figure 7. Variation of B vs D taken from Figure 6, showing the 
region enclosed in the broken rectangle (Figure 6) on an expanded 
scale. The two curves are plots of the expression 9 = D/?.e where 

= const X (2 /9 )q0a-~PD~(~*)  for a = 314 and 1, respectively, 
as indicated. The value used for the solvent viscosity is 70 = 0.56 
cP, the literature value of the Viscosity of toluene at 23 OC. The 
value of the constant prefactor used to calculate the curves isss 
0.7-2 = 2.0. The straight broken line is from the h e a r  region at 
D > 2500 I% taken from Figure 6. 

previous section. The normal force profiles (Figure 2) 
and dynamic profides O(D) (Figures 3 and 4) in the absence 
of surface-attached chains are similar to profiles obtained 
in earlier studies22~33~36~37 (save that toluene as the liquid 
medium between the mica sheets has not previously been 
investigated in the dynamic mode); the F(D) profiles 
confirm that unfunctionalized polystyrene does not adsorb 
significantly onto mica from toluene. At the same time, 
the dynamic profiles indicate an effective viscosity of the 
toluene in the gap between the surfaces which is close to 
that of bulk toluene, with a shear plane within a few 
nanometers of each mica surface. 

Following incubation in the PS-X(375K) solution, the 
normal force profiles revert to the long-ranged repulsion 
(Figure 5) characteristic of the polymer brushes. These 
profiles are closely similar to those obtained in earlier 
studies on the same system, as shown by the broken curve 
(Figure 5) from the study by Taunton et al.33 In particular, 
the effective thickness L of each brush may be estimated 
as half the distance for onset of repulsion; i.e., L = D,,,J2 
= 1130 f 50 A, very close to the value L = 1200 f 50 A 
previously obtained.33 We note here the stability of the 
end-attached chains with respect to being forced out of 
the intersurface gap both in compression and in shear, as 
indicated by the reproducibility of the F(D) profiles shortly 
following the dynamic runs. The reasons for this have 
been considered in detail p r e v i ~ u s l y . l ~ ? ~ ~ > ~ ~  Essentially, 
this stability is the result of the rather large sticking energy 
(ca. 10k~T)  of the zwitterionic end group anchoring the 
chains to each mica surface. It can be shown42t10 that the 
force required to disrupt this bond is large when compared 
with the tension along a chain induced either by the 
compression of the brushes or by the flow of fluid past 
them in the dynamic measurements. It is of interest to 
estimate the shear rates associated with this flow: this 
rate will depend, among other factors, on the hydrodynamic 
penetration depth of the fluid into each layer. In the 
present geometry, the maximum shear rate experienced 
by the liquid, were it moving betweensolid curved surfaces 
aclosest distance Dapart,isgiven byy-= (blD)(RID)llZ, 
occurring at  a radial distance r = (RDW from the point 
of closest approach.21 If the penetration depth of fluid 
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Figure 8. Comparison of the variation of !2 with surface 
separation between mica surfaces bearing adsorbed polystyrene 
in cyclohexane under poor solvent conditions from ref 27 and 
between mica surfaces with end-attached polystyrene brushes, 
taken from Figure 6. The curves are normalized as D / ~ L H  with 
respect to the surface separation axis, where ~ L H  is twice the 
hydrodynamic thickness of the polymer layers, and as 9.qO with 
respect to the !2 axis, where l / q  is the slope of the straight portion 
of the data and B is the ratio of the hydrodynamic thickness of 
the respective polymer layers to that of the grafted (PS-X) layer. 

In this, “viscosity profiles“ 9 vs D were obtained between 
mica sheets bearing adsorbed polystyrene in cyclohexane 
in poor solvent  condition^.^^ The comparison is made in 
Figure 8, where the surface separation axis is reduced to 
units of the respective hydrodynamic layer thicknesses 
LH. The values of the layer thicknesses differ when cast 
in terms of the unperturbed radii of gyration R, of the 
polymers: LH = 1 R, and 6.5 R, for polystyrene in cyclo- 
hexanen (poor solvent) and in toluene (good solvent)-from 
Figure 5-respectively. The larger thickness in the latter 
case is not surprising in view of both the better solvency 
state of polystyrene in toluene and the (stretched) brush- 
like structure of the end-attached chain.33 The different 
shapes of the viscosity profiles a t  D < ~ L H  may reflect the 
rather different segment density profiles expected in the 
two cases or differences in the way that the hydrodynamic 
screening length varies with segment concentration at  
different solvent quality (see later discussion and footnote 
56); it may also reflect the fact that the normal force profile 
is attractive in the poor solvent over much of the regime 
D < 2L but is monotonically repulsive in the good solvent 
case. We remark that for the adsorbed chains the value 
Of  LH = 260 A = 1 R, for this polymer, while the effective 
adsorbed layer thickness for the same polymer, estimated 
from the distance for onset of (attractive)  interaction^,'^ 
is L = 400 A. That is, there appears to be a significant 
penetration of the flowing liquid into the adsorbed layers 
in the poor solvent case, in contrast to the present study. 

The indications above lead us to consider in more detail 
the question of the lubrication forces in the conditions of 
our experiments. As noted in the Introduction, the 
Reynolds lubrication force law given in eq 2 is strictly 
valid only for the compression (or retraction) of surfaces 
that confine a Newtonian solvent to a narrow gap of 
thickness D << R. When these conditions are met, the 
solvent velocity field has a dominant radial component 
that depends parabolically on the gap normal coordinate, 
z (i.e., normal to the mica surfaces in our experiments). 
This flow is driven by a radial pressure gradient that is a 

consequence of the normal motion of the surfaces and the 
virtual incompressibility of the liquid solvent. The force 
formula, eq 2, arises from integrating this dynamic pressure 
field over one of the surfaces. 

For the case of surfaces with end-grafted polymers, the 
hydrodynamics under relative normal motion can be much 
more complicated than that just described. At  separations 
such that the polymer layers do not interpenetrate, D > 
2L, the situation is still rather simple, since a Newtonian 
fluid gap exists between the layers. As evident from our 
comparison above of the quasistatic force profiles with the 
dynamic ones, solvent flow only penetrates into the layers 
a small distance, 1,. Hence, the velocity and pressure fields 
should be similar to those in the absence of polymer, except 
that the effective no-slip hydrodynamic boundaries have 
been moved out from the solid surfaces by a distance LH 
= L - 1,. It f0llows,2~ as noted also in section I, that the 
Reynolds formulas can still be applied, but with D replaced 
by (D - ZH). Because most of the viscous dissipation 
occurs in the Newtonian gap, a plot of g vs D should still 
yield a straight line with the slope Uqo. Indeed, Figure 
6 is a confirmation of this prediction. 

Once the polymer layers interpenetrate, i.e., D < 2L, 
the nature of the hydrodynamic flow is changed. The 
solvent must avoid the polymer segments, which by virtue 
of the end-anchoring can undergo no large-scale displace- 
menta. Relative motion of polymer and solvent occurs, 
with the net effect that the solvent experiences a larger 
frictional drag at  agiven surface separation D than it would 
if the polymer were not present. The lubrication flow in 
this regime of overlapping layers is thus much like the 
flow of a Newtonian fluid in a porous medium, and this 
analogy was recently exploited32 to investigate lubrication 
forces for overlapped layers. It was assumed that the 
overlap was sufficient, D << 2L, to produce a uniform 
concentration of polymer segments normal to the surfaces, 
but not so high that the polymer volume fraction 4 becomes 
significant (semidilute regime48). If the chains are per- 
manently affixed to the surfaces (as is the case in the 
present experiments, where the surface-attached chains 
are not extruded from the intersurface gap even at  the 
highest compressions), this volume fraction can be related 
locally to the gap at  a radial distance r from the point of 
closest approach of the two surfaces (see Figure 1): 

W )  = 2r/D(r)  (6) 
Here, r is the adsorbed amount of polymer in units of 
monomer volume per unit area of mica. In terms of the 
adsorbance I” obtained from the force profiles in the 
previous section, r = F’lp, where p is the polymer density. 
For the geometry of a sphere approaching a flat surface, 
the gap D(r) depends on the radial coordinate r according 
to 

(7) 

When the above conditions are met, the solvent flow 
through the polymer layer can be modeled by the 
Brinkman commonly employed in the treat- 
ment of creeping flow through porous media: 

(8) 
In this equation, u is the solvent velocity field, P is the 
pressure, and [ is the hydrodynamic screening length.50151 
Physically, [ is the length scale on which a localized solvent 
velocity disturbance in the polymer layer decays due to 
multiple scattering from the polymer segments. Like the 
static correlation length in a semidilute polymer 

D(r) = D + r2/2R 

qov2v - q0 ,pv  - V P  = 0 
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have the limiting behavior given by eq 5; presumably, there 
is an (unknown) interpolation relation connecting the two 
regimes. 

As seen in Figure 7, the curve corresponding to a = 0.75 
is clearly much closer to the data than that corresponding 
to a = 1. This indicates strongly that-within the validity 
of the theoretical treatment-the hydrodynamic screening 
length f' within the brush varies with polymer concentration 
in accord with the expectations of scaling theory rather 
than with the mean-field relation (for which a = 1). This 
is a gratifying observation, as direct indications for the 
variation off' in semidilute polymer solutions are difficult 
to obtain experimentally; even the most systematic attack 
on the problem, via small-angle neutron ~ca t te r ing ,~~ could 
not discriminate incisively between the two 
We note that the mean volume fraction of polymer in the 
polymer brushes, given by 4(D) = 2I'lD, is in the range 
4 = 0.03-0.12 over the range of 2200 A (=Z) < D < 500 
A, which is where all the data for compressed brushes 
were taken. These 4 values are well within the range of 
semidilute concentrations where the scaling exponent a 
= 3/4 might be expected to hold.48955 

Anoteworthy feature of Figure 7 is that the data do not 
approach the 9 = 0, D = 0 limit smoothly as predicted by 
eqs 11-13; rather, the slope of the S(D) plot in the range 
D 5 lo00 A is considerably higher than predicted, and if 
the trend of the data were extrapolated, they would appear 
to intercept the surface separation axis at D = DO = 400 
A. From the definition of 9, it is as though the polymer 
brushes became solid-like (i.e., A - 0 in the dynamic 
experiments) on compression to a surface separation DO. 
One obvious contribution to this is the finite volume of 
the surface-attached chains and the fact that in toluene 
at room temperature polystyrene solutions become 
glassy-i.e., the long-ranged molecular relaxations become 
frozen out-at a concentration of some 85% polymer.57 
For the present adsorbance value of some 3 mg of polymer 
per surface, this concentration is only reached when the 
surface separation D is around 80 A. It is then of interest 
to consider the reasons why the relaxations of the chains 
in the compressed brushes become extremely l o n g 3 0  
that the brush appears rigid at short times-already at 
much lower volume fractions. In the present geometry 
the chains are attached to the mica surfaces and, in 
addition, confined by them to a narrow gap; as a result, 
their long-ranged mobility is much reduced. 

At high compressions of the brushes the end-tethered 
polymer chains become substantially entangled this 
implies that long-ranged relaxations need to take place by 
a "chain-retraction" mechanism58 much as has been 
proposed for the arms of entangled star polymers. The 
time for such relaxation processes then increases expo- 
nentially with the length of the end-tetheredN-mer chains. 
We may write the time 7bth for these longest relaxations 
(by chain retraction) as48 

7teth(N,4) = 7free(N,4) exp(const X Nlg) (14) 
where 7fre is the longest relaxation time for the chains 
when in a bulk, entangled semidilute solution at  the same 
mean volume fraction 4 as in the compressed brush; here 
g is the number of monomers in a correlation length (blob) 
of the semidilute solution, related to the volume fraction 
as48g = aQ5I4. The longest relaxations of entangled free 
(i.e., untethered) chains proceed by reptation, for which 
the time in semidilute solutions is given by48 

7free = const X (qoa3/kBT)N343/2 (15) 
Thus compression of the brushes, leading to an increase 

.$ is approximately independent of polymer molecular 
weight and scales in the semidilute regime (4 << 1) of 
moderately overlapping layers as 

E = const X a$-* (9) 
where a is a length comparable to the monomer size52 and 
a is a positive scaling exponent. Although there remains 
some uncertainty in the values of a,51,53-55 it is generally 
believed that, in the asymptotic semidilute regime, a takes 
the value 3/4 in good solvents and the value 1 in 8 solvents. 
Since the volume fraction is a function of the radial 
coordinate r as specified above, an important feature of 
the Brinkman equation in the present application is that 
the frictional coupling between solvent and polymer, 
described by the coefficient qo[-2, diminishes with in- 
creasing r. We also note that eq 8 is a coarse-grained 
description of momentum conservation valid only for 
length scales exceeding f'. This imposes a lower bound on 
the range of applicability of the theory, i.e., f' << D << 2L. 

Fredrickaon and P i n ~ u s ~ ~  solved the Brinkman equation 
given above for steady compression of a sphere of radius 
R against a flat surface in the lubrication limit, DIR << 1. 
They assumed asymptotic semidilute conditions for which 
the solvent velocity field can be taken to be divergence- 
free and for which the screening length has a power law 
dependence on concentration. By integrating the pressure 
fields over the lower surface, they obtained the following 
modified Reynolds formula for the lubrication force: 

FH = (413)rR2~o(D/D) (10) 
where [ = ((D) is the value of the hydrodynamic screening 
length at r = 0. Note that only the constant coefficient 
413 in this expression depends on the value taken for a. 
If we use this force expression to interpret low-frequency 
dynamic experiments, the analog of eq 4 for overlapping 
polymer layers can be written 

9 = DIqeff (11) 

Tleff = (219)(m)2T, (12) 

with an effective viscosity given by 

By combining this result with eqs 6 and 9, it follows that 
the effective viscosity of the polymer layer is generally 
D-dependent and scales as 

For the asymptotic semidilute regime in good solvents (a 
= 3/4), this would imply the scaling qeff - q0a-~I'3i~D~/~. 
We should also note that it has been proposed" that the 
good solvent scaling exponent holds strictly for the case 
of 4 << 1 and that the 8 solvent scaling behavior (a = 1) 
is rapidly approached on increasing 4, even in good 
solvents. Neutron spin-echo experimentP seem to con- 
firm this proposition. 

We come finally to consider the predictions summarized 
above (eqs 11-13) in relation to the present experiments. 
Curves corresponding to eq 11 with values of the exponent 
CY = 1 and 314 (eq 13) are shown in Figure 7. Since the 
value of the adsorbance I' is known from the experimentally 
determined surface excess I", there are no adjustable 
parameters in this fit; the undetermined constant prefactor 
in eq 9 is expected to be of order unity and can in any case 
be estimated directly by comparison with scattering 
 experiment^.^^ The validity of the treatment leading to 
eqs 11-13 is limited to D << Z, and we choose to limit the 
calculated curves in Figure 7 to the range D < l/3(2L). As 
expected and as also seen from Figure 6 ,  for D > 2L we 



Macromolecules, Vol. 26, No. 21, 1993 

in the mean volume fraction 4 in accordance with eq 6, 
increases the relaxation times of the chains comprising 
the brushes as 
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Clearly, the exponential in eq 16 can rapidly lead to 
extreme slowing down of the chain relaxations at low D 
values and thus to an elastic (solid-like) behavior of the 
compressed brush layers a t  sufficiently short times, i.e., 
high values of the frequency o of the applied motion (an 
effect not considered in the theoretical treatment of the 
lubrication forces leading to the prediction of eqs 11-13). 
We note that while in principle we could try to obtain a 
quantitative estimate for the magnitude of this effect, in 
practice the value of the constant in the exponential in 
eqs 14 and 16 is not well known for semidilute  solution^.^^ 
In practice such a solid-like behavior implies that, a t  the 
characteristic oscillation frequencies w of the top surface, 
the bottom surface responds elastically, so that A (eq 3) 
and hence 9 (eq 4) go to zero. We recall that in quasistatic 
measurements of the equilibrium force profile F(D), as in 
Figure 5 (and especially the data of ref 33, also summarized 
as the curve in Figure 51, there is no indication of solid- 
like layers at D < -400 A, in line with the idea that such 
behavior is observed only at  finite compression rates 
(sufficiently high w values). 

Finally, we remark that similar effects have been 
observed for polystyrene brushes in toluene when sheared 
under high compressions:60 a solid-like response of the 
chains was indicated at monomer concentrations within 
the brush that were much lower than the corresponding 
bulk concentration for the glass transition. 

To summarize: the lubrication forces acting normally 
between two polymer-brush-bearing mica surfaces in a 
good solvent medium as the surface separation D is varied 
sinusoidally in time may be considered to exhibit two 
regimes. For D > 2L (where L is the effective brush 
thickness deduced from the onset of repulsion in the 
quasistatic force-distance profiles), the hydrodynamic 
forces between the surfaces are characteristic of the bulk 
viscosity of the solvent, with a shear plane shifted to a 
distance LH from each mica surface. Within the range of 
our experimental parameters, we find L = LH, suggesting 
a rather weak penetration of the fluid flow field into each 
brush. For D < 2L (Le., compressed brushes), fluid flow 
within the intersurface gap is characterized by an “effective 
viscosity” which varies with D in semiquantitative accord 
with a recent theoretical model, with a hydrodynamic 
screening length within the brush layers which varies in 
agreement with scaling rather than mean-field expecta- 
tions. However, as the brush layers are progressively more 
strongly compressed, the response of the confined polymer 
chains appears to become solid-like; this occurs a t  monomer 
concentrations within the gap that are substantially lower 
than the glass transition composition of the bulk polymer 
solution at the same temperature. This behavior suggests 
that the confinement and attachment of the chains to the 
surfaces considerably increases their relaxation times, in 
accord with recent studies on the shear of confined polymer 
brushes. Experiments to explore the relation between 
normal and lateral lubrication forces between surfaces 
bearing polymer layers are currently in progress. 
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