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Flexible macromolecules a t  interfaces control phenom- 
ena ranging from adhesion, through lubrication, to the 
wettability of solid surfaces.1 In particular, steric inter- 
actions beween polymer chains attached a t  the solid-liquid 
interface frequently determine the stability of colloidal 
dispersions, in both natural and synthetic systems.2 In 
the case of adsorbed polymers-that is, where any of the 
segments along the chain may adhere to the solid 
substrate-such interactions display a broad spectrum of 
behavior.314 A characteristic long-ranged attraction be- 
tween the surfaces, due to bridging, is dominant a t  low 
coverage of polymer (and can lead to aggregation in 
colloidal dispersions5); while at high coverage, surfaces 
normally repel each other, providing steric stabilization. 
The case of polymers that do not adsorb but are chemically 
grafted or physically attached by one end only onto the 
surfaces (polymeric surfactants or amphiphiles) is of 
special interest. At dense coverage such tethered chains 
extend normal to each surface, forming a brushlike layer 
whose thickness, for a given degree of polymerization, 
considerably exceeds that of adsorbed chains.610 And, in 
contrast to adsorbing chains, the forces that act between 
two brush-bearing surfaces across a good solvent medium 
are repulsive at  all coverages,7*8 with obvious implications 
for their steric stabilization properties. The structure and 
the long-ranged interactions between brush layers have 
only recently been studied: they reveal that, once formed, 
these layers are remarkably stable with respect to com- 
pression,a shear," and the dilution of the surrounding 
solution.8 An outstanding issue is how such layers may be 
modified, or "tailored", in order to control their structure 
and the related interfacial properties.1° Such modification 
must depend on the behavior of the brushes at  equilib- 
rium and on the molecular relaxation mechanisms as they 
approach it: the ground rules in this case may be very 
different from those applying to adsorbed chains, whose 
properties have long been es tab l i~hed .~J~- l~  We have now 
examined this question by direct measurement of the forces 
between two surfaces bearing tethered polymeric am- 
phiphiles. 

Two monodispersed polystyrene (PS) samples of widely 
different molecular weights were used, each terminated 
by the zwitterionic group N+(CHMCH2)3S03- (designated 
X). The molecular characteristics of the samples (des- 
ignated PS-X(26) and PS-X(375)) are given in Table I. 
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The properties of these model polymer amphiphiles have 
been widely investigated using the mica force b a l a n ~ e . ~ ~ ~  
While functionalized polystyrene does not adsorb onto 
mica from good solvents such as toluene, the PS-X chains 
attach densely via the zwitterion onto mica to form 
extended brushlike layers. In the present study the forces 
F(D) between mica sheets a distance D apart were 
measured using a surface force apparatus,l5J6 first in pure 
toluene and then following addition of the longer am- 
phiphiles PS-X(375) to a concentration 1.0 X 10"' g/mL. 
Typical force profiles are shown in Figure 1 and are closely 
similar to data reported earlier with the same samples.8 
The force profiles show a monetonically increasing re- 
pulsion commencing at  a surface separation of some 230 
nm, corresponding to a thickness of each PS-X(375) layer 
of 115 nm. At this point the surfaces were widely separated 
and the shorter chains (PS-X(26)) were introduced into 
the solution containing the longer amphiphiles. On re- 
measuring the force profiles within 2 hof adding the shorter 
chains a sharp decrease in the range of the repulsive forces 
from 230 to some 80 nm is noted, as shown in Figure 1. 
After overnight incubation, an additional slight decrease 
in the range was observed, which did not change further 
over 5 days. The force profiles and the adsorbed amounts 
a t  this point were closely similar to those observed in earlier 
studiesaJ7 between mica surfaces to which PS-X(26) had 
attached from a toluene medium. These results show 
unambiguously the replacement of the long-ranged surface 
forces characteristic of the end-tethered PS-X(375) chains 
by the much shorter-ranged repulsion due to the PS-X(26) 
layers. 

In a different experiment, the order was reversed: the 
shorter amphiphiles were first added to the pure toluene 
to a concentration 1.0 X lo4 g/mL, resulting in the 
characteristic force-distance profiles shown in Figure 2. 
These profiles were identical (within scatter) to the final 
profiles-following addition of the PS-X(26)-shown in 
Figure 1. At  this point the surfaces were widely separated 
and PS-X(375) was added to the solution. Force-distance 
profiles were measured at  several subsequent times over 
a 2-day period but showed no change; i.e., addition of the 
longer amphiphiles had no effect on the force profiles 
(within the estimated uncertainty in the data) once the 
shorter chains had attached to the mica surfaces-the 
exchange works in one direction only. 

Our results show that, for a given end-anchoring group, 
shorter polymeric amphiphiles that end-attach onto a 
surface may rapidly replace previously-attached longer 
amphiphiles from that surface. This behavior contrasts 
diametrically with that of adsorbing homopolymers, where 
the number of segments that may attach at  the interface 
depends on the length of the chains: in this case it has 
long been kn0wn12-l~ that, in equilibrium, longer polymers 
replace shorter ones on an adsorbing substrate, due to 
their greater overall sticking energy. The different be- 
havior of the end-anchored chains may be understood as 
follows: in equilibrium, the adhesion energy tethering each 
chain is balanced by the repulsive osmotic interactions 
that the chain experiences due to its neighbom6 This 
balance determines the mean spacing between the end 
groups anchoring the chains.8 The overall free energy per 
unit area hF is then lower for layers of shorter chains: a 
simple calculationla indicates that 

hF 0: -(7"'5k~T)/(2@'5a2) 

here 7kBT is the adhesive energy anchoring each am- 
phiphile to the substrate,lg k g  and T being Boltzmann's 
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Table I 
Molecular Characteristics of PS-X Polymer. 

sample M w  Mw/Mn RF, nm 
PS-X(26) 26 500 1.02 12.2 
PS-X(375) 375 OOO 1.03 57.5 

a The samples were synthesized as described in ref 8. Weight- 
and number-average molecular weights M, and M, were determined 
by size-exclusion chromatography. RF is the root-mean-square end- 
b e n d  dimension of the chains in toluene.* 
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Figure 1. Reversible force (F(D))-distance (D) profiles between 
curved mica sheeta (mean radius of curvatureR - 1 cm) immersed 
in solutions ofthe PS-X polymeric amphiphiles in toluene (Fisher 
HPLC grade) at 25 f 0.5 "C, a closest distance D apart. Data 
are shown for several different contact positions. The force axis 
is normalized as F(D) /R  to yield the corresponding normalized 
interaction energy profile in the Derjaguin approximation:15J6 
(.,A,.) force profiles following addition of PS-X(375) to the 
toluene to a concentration 1.0 X IO-' g/mL; (0) 2 h after adding 
PS-X(26) to the solution to a concentration 1.0 X lo-' g/mL; 
(A, A,+) 14-26 h following addition of the PS-X(26); (0) 4.8 days 
following addition of the PS-X(26). The cartoons illustrate 
schematically the surface coverage in the presence of PS-X(375) 
and following addition of the PS-X(26) and their displacing of 
the longer amphiphiles from the surface. 
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Figure 2. Force-distance profiles (as in Figure 1) between curved 
mica sheets in a PS-X/toluene solution a closest distanceD apart: 
(.,A) following addition of PS-X(26) to the toluene to a 
concentration 1.0 X lo4 g/mL and its attachment to the mica; 
(0,A) profiles at different contact points taken 39-40 h following 
addition of PS-X(375) to the solution to a concentration 1.0 x 
lo-' g/mL; (0) data taken from Figure 1 (same symbol), for a 
force profile taken 4.8 days after addition of PS-X(26) to a 
solution of PS-X(375). The estimated uncertainty in the data 
is f10 pN m-1. 

constant and the absolute temperature, respectively, and 
N is the number of monomers, each of size a, per chain. 
Thus a t  lower Nvalues AFis more negative: in the present 
study the specific surface free energy of a PS-X(26) brush 
layer is expected to be negative and some 20-fold larger 

than that of a PS-X(375) layer. It is this difference that 
drives the shorter amphiphiles to displace the longer ones 
from the surface. In our experiments the shorter surfac- 
tant is added to the solution to a monomer concentration 
equaling that of the longer one (Figure 11, and hence to 
a higher molar ratio: calculations (to be published) indicate 
that complete displacement of longer Surfactants from 
the surface should occur even a t  very low relative molar 
concentrations of the shorter chains in the bulk solution. 
By varying the value of y and ita ratio for the chains, as 
well as the relative polymer lengths and concentrations, 
interesting possibilities for tailoring of surfactant mono- 
layers,1° and the related long-range surface interactions, 
are immediately indicated. 

The characteristic time indicated for the exchange 
process shown in Figure 1 deserves comment. This 
time-some 2 h in our system-is very comparable with 
the times (2-3 h) for formation of brush layers from PS-X 
solutions onto initially bare mica in an identical config- 
uration.8 This qualitative observation suggests that the 
existing brush of the longer amphiphiles does little to delay 
the formation of the shorter brush which displaces it. There 
appear to be a number of reasons for this. The effective 
pore size within the PS-X(375) brushz0 is larger than the 
coil size of the shorter chains, so that diffusive transport 
of the latter, as they penetrate this layer, is relatively un- 
hindered. In addition, the density of PS-X(26) chains on 
the surface at  equilibrium is much higher than that of the 
longer polymers,81z0 thus, for the shorter surfactants, the 
PS-X(375)-covered surface appears relatively "empty" and 
they readily attach to it. Finally, the displacement of PS- 
X(375) from the surface by the shorter surfactants must 
take place over a similar time, despite the zwitterion- 
mica adhesion energy of ca. 6-8 kBT anchoring each of the 
longer amphiphiles to the surface. 

To summarize, in the case of polymers that attach 
densely from solution onto a surface via a given functional 
group at  one end, shorter chains may displace longer ones 
from the substrate, in contrast to the behavior of adsorbed 
homopolymers. Within the range of our experimental 
parameters this displacement is complete and rapid. This 
phenomenon has implications where grafted polymer 
layers are used to modify surface characteristics and 
colloidal behavior and suggests also an efficient approach 
for separating polymeric amphiphiles from populations 
of mixed lengths. 
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(in preparation). 
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