
VOLUME 82, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 21 JUNE 1999

ends
ion
ges
that
can

2]

5076
Shear of Telechelic Brushes
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The forces between two surfaces bearing solvated, telechelic polymer chains (terminated at both
with a dipolar group) exhibit a clear attractive regime. The range and magnitude of this attract
indicate the presence of multimers on each surface, and the formation of entropically favored brid
between them as the telechelic layers overlap. On sliding the surfaces a shear force close to
expected from the stretching of the polymer bridges is observed, suggesting that the frictional forces
be tuned by varying the interaction strength of the telechelic end groups. [S0031-9007(99)09413-

PACS numbers: 68.45.–v, 68.10.Et, 81.40.Pq
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The physics of neutral, flexible polymers attached t
surfaces, and their control of long-ranged interaction
has been extensively studied, and is reasonably well u
derstood [1–5]. The next level of understanding in
volves functionalized polymers with specific interactions
so that both entropic and enthalpic effects may contribu
to the surface forces [6]. Here we report the measur
ments of normal and shear forces between surfaces be
ing telechelic chains, where dipolar groups are attached
both ends of an otherwise nonadsorbing polymer. Su
a telechelic chain may be tethered to the surface by bo
ends, in which case it forms a loop, or by one end only, s
that its other end—bearing the second functional group
extends tail-like into the solution. Earlier work focused
on ABA telechelic triblock copolymers. Here the absorb
ing A block is larger and less polar than our end group
while the B block is nonadsorbing. These triblocks ap
peared to form a predominantly loop layer [7,8] when th
A moieties were sufficiently strongly adsorbing [8]. Ou
results reveal a behavior rather different to that of reg
lar brushes [9] or to that of the triblock telechelics [7,8
studies earlier, both in the normal and in the shear inte
action modes. Existing theory [6] treats the case whe
the fraction of tails is small; however, our results sug
gest that tails predominate and that their free ends as
ciate with those of other chains, either within the laye
or—on approach—with those from the opposing layer.

The polymer used, designatedX-PS-X, was polysty-
rene (PS, molecular weightMW  70 000 polydispersity
MW yMn  1.05) terminated at both ends with the
zwitterionic group 2N1sCH3d2sCH2d3SO2

3 (designated
2X). Its synthesis was similar to that of singly zwitterion
terminated polystyrene molecules PS-X [9,10]. Control
experiments confirmed that unfunctionalized polysty
rene does not adsorb onto the mica from the tolue
solvent (BDH, spectroscopic grade, used as received)
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the conditions of our experiments. A droplet of1024

s610%d gmyml solution of X-PS-X in toluene was
injected between the curved mica surfaces (this conc
tration is lower than the critical micelle concentratio
for corresponding PS-X chains in toluene [9]), and incu-
bated for 2–3 h, beyond which no further changes in t
normal force profiles were observed. Figure 1 shows
series of typical normal forceFnsDd vs surface-separation

FIG. 1. Normal forceFnsDdyR vs distanceD profiles be-
tween mica surfaces bearing layers ofX-PS-X telechelic chains.
The force axis is normalized asFnyR  2pEsDd whereEsDd
is the interaction energy per unit area of flat parallel inte
acting plates obeying the same force-distance law. The i
tial long-ranged repulsion on a first approach (h) moves in
on rapid shear (frequency ca. 1 kHz, at amplitude ca.0.5 mm)
and compression [11] to progressively shorter ranged profil
to yield the limiting FnsDd profiles which have an attractive
regime attractive both on approach and on separation of the s
faces. The inset (on a magnified scale) highlights the limitin
FnsDdyR profiles as the surface approach. Symbols:hys; 1st
approach/separation;Fyd: 2nd approach/separation;jym:
3rd approach/separation;Ey.: 4th approach/separation.
© 1999 The American Physical Society
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D profiles, measured following this incubation. Ini-
tial interactions commence at an unexpectedly larg
distance [11–13],D ø 130 nm, and are repulsive on
approach. These long-ranged repulsions may be elim
nated by shearing the surfaces rapidly under compress
[11] (see Fig. 1), until eventually a limiting profileFnsDd
is observed, this does not change further with tim
and shows a marked attractive regime on approach
the surfaces, as highlighted in the inset. The final a
tractive well is first observed atDonset  85 6 10 nm,
and is very different to the monotonic repulsion ob
served between singly functionalized PS-X brushes
[14] or between the telechelicABA triblock copolymers
[7,15]. Insight into the limiting telechelic layer struc-
ture, and thus into the origin of the attraction, may b
obtained by comparing the measured thicknessL0 and
the surface densities of theX-PS-X layers with those of
the corresponding PS-X layers. This is shown in Table I.

We see at once that the separations2L0 at onset of
interactions (once the limiting profiles are attained) an
the mean interanchor spacings of the X-PS-X layers
are very similar to those of PS-X brushes of the same
molecular weightM  70 000 (85 6 10 nm vs 88 nm
and6.6 6 0.4 nm vs 6.6 nm, respectively). At the same
time, if we evaluates for the telechelics assuming an all-
loop structure, the value ofs (4.7 nm) is significantly
different from that (5.3 nm) for PS-X brushes ofM 
35 000 (equivalent to anX-PS-X of M  70 000 forming
an all-loop structure) to which it should be equal. Th
onset distance for such PS-X brushes (56 nm) is also
appreciably smaller than the observed values (85 nm)
the X-PS-X chains. These comparisons show that th
telechelic chain layer on each surface must, at the lea
have a substantial fraction of singly end-tethered ta
extending away from the surface. This is most likel
due to the association of dangling -X groups into dimers

TABLE I. Comparison of the measured thickness and inferre
surface densities by polymer type.

Polymer Mean interanchor
type M 2L0 snmda spacings (nm)b

X-PS-X 70 000 85 6 10 6.6 6 0.4 [tethered at
one end (tails)]

4.7 6 0.3 [tethered at
both ends (loops)]

PS-X 70 000c 88 6.6

PS-X 30 000c 56 5.3

aTaken as distance for onset of interactions (attractive for t
X-PS-X, repulsive for the PS-X layers).
bInferred from the FsDd profiles at high compressions, as
described in Ref. [9]. For polystyrene in toluene at room
temperature, forFsD0 dyR  104 mNym, s  s1 > 0.98M1y2y
sD0 d1y4 if attachment is at one end only (tails), ands2  s1y

p
2

if both ends are attached (loops), where boths andD0 are in Å.
cBy interpolation of measurements in Ref. [9].
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or multimers [16] (see Fig. 4 later). Such associatio
eliminates the energy advantage of forming single-cha
loops [17], and has not been previously treated by theori
of telechelics [6]. The attractive well (inset to Fig. 1)
is then due to the interactions between these multim
entities on the opposing layers, as discussed below. T
range of the interaction as the surfaces approach a
confirms that single-chain bridging—as would occur via
the penetration of a given chain end through the opposin
layer, and its attachment to the opposite surface—
negligible [18].

Shear force profiles were measured by moving the to
telechelic-bearing surface laterally (byDx0) and parallel
to the lower telechelic-bearing surface, at a surfac
separationD. The shear forceFs between the surfaces
is measured directly by monitoring the bending (by
Dx) of a set of springs, constantk1 (70 Nym), so that
Fs  k1Dx. Figure 2 shows typical traces of a back-and
forth linear motion applied to the top surface (top trace
together with the corresponding shear forceFs between
the surfaces (lower traces). The plateau value ofFs 
Fsp is indicated, and is the force required to slide the tw
telechelic-bearing surfaces steadily past each other at
corresponding shear velocity and surface separation.

The variation ofFsp with D for a given shear velocity,
extracted from traces as in Fig. 2, is shown in Fig. 3
where the normal force profile (taken from Fig. 1) is
superposed. We see that the shear forces required to s
the surfaces become significant (i.e., measurable) at ab
the same separation as the onset of the normal (attracti
forces between them, atD > 80 nm; the increase ofFsp
at greater compressions is due in part to the increas
overlap area. This is again in marked contrast to the ca
of interacting surfaces bearing singly end functionalize

FIG. 2. Directly measured traces of the applied back-and
forth lateral motion (top trace) and the corresponding she
force across the interacting telechelic layers (lower trace),
a surface separationD  51.2 6 0.5 nm. The shear velocity
in each direction is130 nmysec.
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FIG. 3. Variation of the limiting (plateau) valueFsp (Fig. 2)
for differentD values, all at shear velocity130 nmysec (broken
line is a guide to the eye). Also shown as a shaded ba
is the normal force profileFnsDd, taken from the inset to
Fig. 1. For comparison, the force profiles for normal and she
interaction between PS-X brushes are also shown (shaded an
broken curves indicated), taken from Ref. [19]. The surfac
separation axis is normalized asDy2L0 with respect to the
unperturbed thickness of the brushes (taken as2L0  850 Å
for the telechelic chains, Table I), while the force axis i
normalized with respect to the chain length and interanch
spacing (see Ref. [19]).

(PS-X) brushes at comparable compression ratios a
shear velocities, also shown in Fig. 3.

Further insight is obtained by analyzing the nature an
magnitude of the interactions in both the normal and th
shear modes. As noted, each zwitterionic -X group may
adhere not only to the mica substrate (with interactio
energy´zm [10]) but also—with comparable energy—to
another zwitterion. This may occur between two or mo
dangling -X groups within a layer, forming multimer
structures, or it may occur between -X groups on op-
posing layers, forming bridges as illustrated in Fig. 4
The former case is associated with greater constraint
the translational freedom of the interacting end moietie
Thus we expect an effective net energy gain of entrop
origin, of orderkBT , for each dipolar end that is free to
associate with ends on the other layer as well as with
the same layer. We also expect the entropic attracti

FIG. 4. Schematic illustration of the structure of interactin
telechelic layers suggested by the results of this study. T
zwitterionic head groups interact either within a layer to form
multimers, or across a layer to bridge the gap, shown in bo
lines. On sliding, the bridges initially stretch to provide the
shear forces shown in Fig. 2.
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per chain to be reduced due to compression of each ch
within the overlapped telechelic layers, to some effecti
value ´eff, say. This mechanism accounts well for th
observed attraction between the surfaces as they appro
(inset to Fig. 1). The net attractive interaction energ
QsDd of the two curved surfaces at separationD is given
by QsDd 

RD
2L0

FsD0d dD0 (corresponding to the shaded
region in the inset to Fig. 1). At surface separationD
the overlap area between the curved telechelic layers
AsDd  2pRs2L0 2 Dd, and the total number of chains
per surface in this overlap region isnsDd  AsDdys2.
If we assume that a substantial fraction of these ha
tails that can associate either between or within t
grafted layers, then we expect the attraction due to t
mechanism described to be roughlynsDd´eff. Setting
QsDd ø nsDd´eff, we find from Fig. 1 (inset) that at
D  60 nm, say, QsDd  s2.0 6 0.4d 3 10214 J, so
that [setting R  1 cm, 2L0  85 nm, s  6.6 nm
(Table I)], ´eff ø 0.13 kBT . This value, comparable
with though smaller thankBT , is fully consistent with our
expectations from the mechanism above of an entro
attraction reduced by steric repulsion [20].

We attribute the shear forces encountered as
telechelic layers slide past each other at surface separa
D , 2L0 to stretching of the telechelic chains bridging th
gap (Fig. 4). The elastic tensionfsdd in a chain when it is
initially stretched by an extentd is given byfsdd  Kd,
where K > fkBTysRFd2g is the spring constant of a
chain in a good solvent [21] (RF being the unperturbed
end-to-end dimension of the bridging telechelics). Whe
two flat parallel telechelic-bearing surfaces slide past ea
other by an amountdx  sDx0 2 Dxd from an unsheared
configuration (Fs  0), the total shear forceFs between
them may be evaluated [22] as

Fs > nbsDd skBTyDRFddx , (1)

where nbsDd is the total number of bridges betwee
the unsheared surfaces at this separation. This rela
applies best at small values ofdx since at larger exten-
sions the excess elastic energy will lead to significa
breaking of the bridges and a reduction innb (we attribute
the observed reduction in≠Fsy≠sdxd at increasingdx,
Fig. 2, to the breaking of these bridges). The initia
variation of the shear force in the elastic (en
tropic) regime of the bridges is clearly seen in th
traces in Fig. 2. From Eq. (1) the initial slope is
≠Fsy≠sdxdjsFs0d > nbsDd skBTyDRFd; here nbsDd is
taken as the number of bridges in the overlap areaAsDd
[ 2pRs2L0 2 Dd] of the two telechelic layers. We
initially expect roughly equal partitioning of the total num
ber of chainsnsDd  fAsDdys2g between bridging and
nonbridging chains [22], so thatnbsDd > nsDdy2. From
the shear force traces we may now compare directly t
predicted and experimental values. PuttingRF  32 nm
[23], 2L0  85 nm, ands  6.6 nm (Table I), we obtain
nbsDd skBTyDRFd  61 Nym. From the trace in Fig. 2
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(D  51.3 nm), the experimental value of the slope
is ≠Fsy≠sdxdjsFs0d > 35 6 10 Nym. The predicted
value is thus closely comparable (within a factor 2 o
so) with the measured slope atFs  0; comparisons at
other surface separationsD give similar agreement. This
supports our picture for the origin of the shear forces, an
is fully consistent also with the magnitude of the norma
surface attraction measured. We note the measurem
of tension in the stretched polymer chains in the entrop
regime, which (in Fig. 2, for example) is of the order of
Fsynb  2 3 10214 N per bridge.

Our results suggest that telechelic chains with interac
ing end groups may form predominantly multimerlike ag
gregates on a surface, rather than loops. When two su
surfaces approach, the formation of entropically favore
bridges between the opposing layers results in a net
traction, while a shear force due to the stretching of th
bridges arises on sliding the surfaces. During steady sli
ing, bridges appear to break and reform to maintain a co
stant shear force resisting the motion. These observatio
imply strategies for controlling surface and tribologica
interactions, using telechelics, that go beyond the class
modifications achievable by unfunctionalized adsorbed
grafted chains.
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