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ABSTRACT: The forces between two adhering surfaces bearing highly extended polymer melt brushes as they
are sheared past each other, and between a single melt-brush-bearing substrate sheared across an adhering bare
solid surface, were studied using a mica surface force balance with a high shear-force resolution. The melt brushes
were created by LangmuiiBlodgett deposition of zwitterion-terminated polyisoprene chains on the mica substrates.
Shear of the single melt brush by the bare surface revealed little sliding, deformation, or relaxation of the confined
melt brush, under all shear regimes applied in this study. In contrast, shearing of the two melt brushes past each
other under the same shear conditions showed a marked shear-rate-dependent, multistage deformation of the
sheared brushes. On stopping the applied lateral motion, a logarithmically slow relaxation of the stored stress
was observed, which could be quantitatively interpreted in terms of mutual retraction of the entangled tails of the
two brushes. The low friction and characteristic relaxation behavior following initial adhesive contact of the
brushes developed with time to a solidlike response on shear of the confined chains and was attributed to bridging
of chains adsorbed on the opposing surfaces as squeeze-out of the polymer occurred.

Introduction While the structure, normal forces, and shear behavior of
solvated neutral polymer brushes are thus reasonably well

surface) have become a paradigm for modification of surface understoo_d, these ideas are u_nlikely to carry over \(vell to melt
properties by polymers, and interactions between solid surfaceserShes’ €., brus_hes consisting qf.a melt of F:hams with no
bearing such brushes have been extensively stddigeri- solvent, due tp their specific space-filling constraints. In contrast
mental work over the past decade or so has also demonstrated® the repulsion of solvated brushes, melt-brush-covered sur-

that neutral polymer brushes can act as very effective lubricants aces, on approach in air, come into an adhesive cdtdoe
between sliding surfaces immersed in a good sol¢ghklost to attractive van der Waals forc&sConsequently, they cannot

studies of the shear of polymer brushes to date have invoIvedStab"ize surface interactions as can polymer brushes immersed

3 :
solvated brushes in a good solvent medium, with grafting density Itn a ggod So"’i?f' (_)n th? conttr_zry, tedth(tared 02?"”5 ar;a used
limited by the steric repulsion of the self-assembled brush chains, 0 en .e}ncltz adhesion ot coall ysan 0 mo ify surface
so-called “grafting-to”. (Higher grafting densities can be wettability 1> However, studying the dynamic response and the
achieved with grafting-from approaches, but these can result in chain conformation as the solvent-free brushes are made to slide
quite high polydispersifyand moreover have not to date been past (_aach other is still a challenging problem. The dy”a”.“c.
grown on mica surfaces or used in friction studies.) The origin experiments reported S0 far concerned systems Fhat rather mimic
of the efficient lubrication in such cases, for example opposing real bru's{hgsmeltz, ranglt:lg frlom pﬂglytmer Iayemllcatg n?not-h
polystyrene brushes in toluene (a good solvent), is attributed to COMPOSIteS™ and comb pOlymers 10 macroscopic oo

the combination of large loads supported by the osmotic pressurebrushe§.8 Theoretically, the rheology of grafted chains was first

. . 9 .
of the compressed chains, together with the weak interpenetra-?on":'IOIereOI by Witten et a,who showed that there exists an

tion of the two brushes arising from entropic factors. Up to interpenetration zone betwgen two opposing (solvent-freg)
moderate compressions this results in a fluid interface and henceoolyr_ner brushes, and the thickness of this zone plays a major
low resistance to shedt? At much higher compressionsn rolg n the rheology of th_e sheare_d graftgd chaln_s. Following
the polystyrene/toluene casa sharp rise in shear force was their ideas, Joaniy examined the linear viscoelastic response

attributed to the rapid increase in the viscosity of polystyrene _Of the melt_ brushes ;_and cqn5|dered the th!n_nlng of _the
at high concentrations (approach to a glassy stat&wever interpenetration layer with the increase of the sliding velocity.

in © solvents the onset of larger shear forces was found to occur-ater, S?me”‘” ignored the entangle_mepts |ns_|de the Inter-
at much lower compressiofi€probably as a result of frictional penetration layer and obtained a qualitatively different picture

dissipation occurring between the more readily interpenetrating implying a smooth power like decrease of the eff.eCt'.Ve viscosity.
There have also been recent molecular dynamic simulations on

Polymer brushes (polymer chains densely tethered onto a

tails. . )
brush dynamics, but to our knowledge these concern mainly
) ) ) _ solvated brush@%23which do not interpenetrate unless strongly
:Svor.reSpO”dl'”%.f“ithO][-SE‘.ma": larisa.tsarkova@uni-bayreuth.de. compressed togetHeand where solvent molecules contribute
elzmann Institute o cience. . . - .
# University of Athens. to the chains conformation by filling the voids between the
8 University of Oxford. chains.
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polyisoprene brushes as well as on the stability of such melt 5
brushes toward dewetting and cross-linking. Such highly  Iem !
stretched polymer monolayers created on mica via a Langmuir
Blodgett technique provide a good model of solvent-free
brushes. The distinguishing features of these monodispersed
brushes are the high grafting density and relatively high
molecular weight, both resulting in high chain stretching. They
also have the advantage of a well-characterized mean interancho
spacing and brush height, which can be deduced straightfor-
wardly from the deposition procedure. The progressive extrusion
of these brushes out of the confining gap could be satisfactorily

described by a model based on the idea that the compressive 1 \2
elastic energy due to the adhesion was driving the chains to 4

move laterally via the sliding of the zwitterionic anchoring
groups along the surface. However, the time variation of the Figure 1. Schematic of the shear force balance (FBsed in the
normal separation did not shed light on the differences betweenpresent experiments. The two mica sheets are mounted on cylindrical
the different molecular organizations, in particular regarding the ﬁuﬁtﬁa)enses ina frzoss-cgltlﬂdeéE%nflgu(;aﬂon (ln_Sett)-fHeat fllte_fe?hWhlte

; ; ; ig , passing through the , undergoes interference in the gap
feature§ of the interpenetration zone n .the case of the two between the back-silvered mica surfaces, and the wavelengths are
contacting melt brushes. To clarify this, we extend our yansmitted to a spectroscope (5) through the microscope tube (6). The
investigation to focus mainly on the response to different closest distancB between the surfaces is measuree-{8—3) A using
patterns of applietateral motions, which provide information multiple beam interferometry. The top lens is mounted on a sectored

also on molecular mechanisms of relaxation of the sheared Piezoelectric tube (7), which can apply both normal and lateral motion
brushes to the top mica surface. Normal forces are measured via the bending

; ) ] o of the horizontal stainless steel leaf spring(®) (spring constarky).
In this study we first recall briefly the main findings on the  Shear forces are measured via bending of the shear force springs S

adhesion and spontaneous thinning of films consisting of a single (1) (spring constank,), monitored by capacitance changes of an air
brush and of a brush bilayét.Then we discuss the behavior 9aPx via the capacitor probe (3).
of these films in friction experiments using the SFB, both as

single brush Sheargd against a.bare mica §urfac¢, and particu'.a”%dhering surfaces may be used to evaluate the shear stress.
the case of opposing brushes in contact (i.e., bilayers) shearing te top mica surface is mounted on a sectored piezoelectric tube

past each other, as a function of time, extent of shear, and bilayer(pzT), which can provide smooth controlled motion in directions
film thickness. In the final section we discuss the mechanism normal and parallel to the surfaces. The bending:ghSesponse

of the brush relaxation on cessation of the applied lateral shearto the shear forces is detected by the changes in the capacitance of
motion, in terms of chain ends of one brush retracting from the a small air gapx whose variation4x) derives from the bending of

surfaces. The measured araf flattened contact between the

entangled melt presented by the opposing brush. the shear springs; $Figure 1). The capacitance bridge (Accumea-
sure 5000, probe ASP-1-ILA, MTI Ltd., Albany, NY) enables high
Experimental Section sensitivity in measuring shear forcEsdirectly up to ca£0.1uN
. . . ) via the relationAFs = K;Ax.2°
Materials. Linear polyisoprene (Pl) end-terminated by the |5 a shear experiment, in addition to measuring the surface
zwitterionic group—(CHz)oN*(CH,)sSO;~ (henceforth—X: the separationD, two outputs are recorded simultaneously using a

zwitterion—mica sticking energy is cakgT?), with My =29 900 storage oscilloscope (LeCroy 9304A). These are the voltage applied
(designated PtX) and near-monodisperse molecular weight dis- to opposing sectors of the PZT, which gives a direct measure of
tribution (My/M, = 1.06), was used to prepare stretched brush the applied lateral motiosx,, and the signal from the capacitor
monolaye_rs. T_he polymerlz_atlon procedure and structura! details bridge, which monitors the bendingx of the vertical springs S

are described in ref 11. Dried samples of-Xlwere stored ina  and thereby provides a direct measure both of the shear Farce
deep freezer until use, avoiding direct contact with alcohols and (=K1Ax) and of the extent of slidingxy = Ax, — Ax. Two patterns
water to minimize opportunities for hydrogen-bond complexation of applied motion were used in the present study: In the first,
by the zwitterions. The polymer is a highly viscous clear liquid at fo|lowing a period of rest, a steady lateral motion was applied for
room temperature (the glass transition temperafyre —66 °C).2° a given time and at a given velocity, followed by a relaxation

It has an unperturbed radius of gyratiBp= 0.8\, = 137 A2 period when the applied lateral motion was stopped:; in the second,
a bulk viscosityo = 9.38 x 107+4M,,**°P, entanglement molecular pack-and-forth lateral motion (triangular function) was employed.
weight M = 530077 surface tension 31 mN/m, and dendity  \ve also briefly note shear responses to an applied sinusoidal

ppi = 0.913 g/cr. motion.
Shear Force MeasurementsThe SFB used in the present study Experimental Procedure In every experiment the air-contact
has been described in the preceding ppend in more detail position between bare mica surfaces was calibrated (by noting the

earlier, especially application of the shear motion and measurementscorresponding FECO wavelengths) prior to the deposition of the
of the shear forc& A brief description follows based on the  monolayers. The lenses were then taken out of the SFB and fixed
schematic of the SFB in Figure 1. in the lens holders of the LangmuiBlodgett minitrough (KSV,

The normal forces and lateral (or shear) forég®) between Finland), the deposition was carried out, and the lenses were
two curved mica sheets, mounted in crossed cylinder geometry mounted back in the apparatus (all done in the laminar flow hood).
(mean radius of curvatur@ ~1 cm), are measured as a function The deposition procedure and the variation of the surface pressure
of their separation by monitoring the bending of two orthogonal vs area per molecule isotherm of the-#X monolayer on water
sets of leaf springs: vertical springs &pring constank; = substrate are described in refs 11 and 30. Prior to measurements
300 N/m) and a horizontal sprin§ (spring constantk, = the polymer layers were dried inside the box under filtered, dry
150 N/m). The bending of Son which the lower mica surface is  nitrogen flow for several hours. Following approach of the surfaces
mounted) is determined using multiple beam interferometry with and their jump into adhesive contact, the changes in the film
an accuracy of about(2—3) A. This is done by monitoring the  thicknessD as well as changes in the shear forces in response to
change in wavelength of fringes of equal chromatic order (FECO) the applied shear pattern were continuously monitored. No external
in response to the applied motion in the direction normal to the compression was applied to the surfaces following their jump into
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@ N . I ‘, contact. The radius of the flat contact aseaas measured directly

1 e} l from the fringe shape and was generally in the range2Eum.

— @ i Shear results shown here are from four different experiments, with

=L,280 4 data taken from a number of different contact positions in each

@ experiment. All measurements were carried out in a dry nitrogen

E T- B r— 1 atmosphere.

22401 . . .

= Results and Discussion

LTE_ Normal Interactions and Spontaneous Thinning.In both
200l i the case of two opposing PX brushes, or that of a single brush

facing bare mica, the surfaces jumped into an adhesive contact

50 75 100 1:,25 150 on approach,_ driven by van der Waals _forces, a_nd the films
Time [min] started to thin spontaneously, as earlier described and as
. . = . : reproduced in Figures 2a and 3a for the-RImonolayer and
bilayer, respectively. The applied lateral movement consisted
of the initial rest period and then steady applied motion followed
by a cessation of applied motion for a further period. The top
surface was moved laterally at velocity= dxy/dt = 15 nm/s
over a distance of about 1,2n, which considerably exceeds
the thicknes®D of the sheared polymer films. For an applied
motion of the top surfacAxy = vd, the surfaces slide past each
other by an amoumxg = Axg — AX, whereAx is the amount
by which the lateral springs bend (revealed by the output of
the capacitance bridge). The measured shear force at any point
is given byAFs = KjAX.

The extent and variation with time of the deformation of the
confined brush melt layers, the sliding of the surfaces, and the
shear forces between them are conveniently shown by plotting
the applied lateral motioxy and the spring bendingx as a
function of time. This is illustrated for the PX monolayer
and bilayer in Figures 2b and 3b, respectively, for different
applied shear patterns at progressive elapsed times from contact
(corresponding to different thickness of the confined brushes).
While the normal separations showed similar behavior for
-0,05 monolayer and bilayer architectures, the shear responses fol-

lowing the jump-in to contact were strikingly different.
- : : : : : 3 - Single PI-X Monolayer Trapped between Mica Surfaces.
In the case of a monolayer, the shear response was always
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1200~ largely solidlike in the sense that there was little shear
= deformation of the confined films under the range of shear
= %‘ conditions applied in the present study. Within the range of our
€ s00- = accessible parameters, this solidlike behavior held for different
é g forms of the applied shear motion (linear lateral motion as in
g - Figure 2b(A and C) or periodic sinusoidal (or triangular) as in
S 400- § Figure 2b(B))_ and at different times foIIowmg the jump-in to
e 7)) contact, that is, at different extents of extrusion of the layer. In
other words, at the applied lateral velocities and shear amplitudes
of the top confining surface, and over the time scales of the
0 —_— — =00 measurements, the shear force across the molten brush mono-
0 40 80 120 160

: layer was insufficient to cause significant shear deformation or
Time [sec] to lead to sliding between the two confining surfaces. For the

Figure 2. (a) Kinetics of thinning of the P+X monolayer following sinusoidal motion, left-hand side of Figure 2b(B), a very small
the jump in to adhesive contact. The solid line through the symbols is phase shift may be discerned between the applied shear motion
the fit with an exponential decay (adapted from ref 11). The cartoons Ax, and the shear force across the filfy,= KiAx. (The stress

suggest possible configurations of the brush monolayer following the TR :
jump in (left cartoon) and at the end of the measurements (right cartoon), a_(;_FOSS the SIT IS rrZIated (tjoAth? Sh?atr fgt@mhlletth_e small
indicating the increase in mean anchor spacing as chains are extrudedlifference betweemx, and Ax is related to the strain across

out at the later time (RH cartoon). The letters indicate the time and the the film.) In principle, such small-strain data can be used to
monolayer thickness at which corresponding shear responses showrextract information on the linear viscoelastic properties of the
in (b) have been monitored. (b) The shear traces of th&frhonolayer sheared film. However, in the present work we are interested

at different applied shear modes (a linear motion followed by a stopping _ . Lo :
period as in A and C or sinusoidalftriangular as in B). The data are Primarily in molecular relaxation effects more closely related

plotted as the applied displacement to the top surfaxe(thin line) to large-scale sliding of the surfaces past each other. For these
and the actual displacement of the lower surfase(bold line). The reasons we will not pursue this further here.
RH axis gives the corresponding shear forces. All shear responses shown The above result indicates that little shear or sliding at the

are characteristic of a solidlike behavior, where the applied lateral . NS
motion of the top surface and the response of the lower surface are "erface between the brush ends or the zwitterionic head groups

almost identical (i.e., little slidingXxo — Ax) of the surfaces). and the respective mica surfaces occurs under the shear regimes
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applied in these experiments. The only discernible stress
relaxation in the sheared brush monolayer was observed after
the cessation of the shear when it was applied shortly after the
jump-in, as seen in Figure 2b(A) in the very slight decrease in
the shear force. At later stages of the film thinning this kind of
relaxation vanished (Figure 2b(C)).

It is of interest to estimate the behavior if the confined PI
melt layer were to relax with a viscosityp, characteristic of
the bulk. We could then estimate the resulting shear force across
the surfaces as follows: For a Pl melt film of thicknds~
2Ry and an area equal to the flat contact aBshetween the
two surfaces, sliding past each other with velocityhe shear
force F is given by the standard equation for Couette ffw:

F = Sppp/D 1)

Substituting for the viscosity of bulk Plyf, = 230 Pas)
and the applied shear velocity given by the slop&xg)/dt, we
find F ~ 0.05uN. This is some 4 orders of magnitude lower
than the maximum shear force sustained by the confineckPI
monolayer in our experiments, and even such a large force does
not lead to the deformation of the confined film. The underlying
reason for this is the fact that every chain in the confined single
brush layer is attached by its zwitterionic end group to one
confining mica surface, while in the case of matif/not all—
of the chains they are further adsorbed strongly on the opposing
mica surface. This attachment prevents chains leaving the
surface over extended times and results in a strong suppression
of the molecular relaxation pathways that are available in an
unconstrained bulk sheared polymer melt. It thus leads to the
solidlike behavior observed. This simultaneous attachment to
both surfaces by the chains in the gap is also the reason why
the viscoelastic properties of the sheared, confined monobrush
would be difficult to interpret in terms of the standard ap-
proaches applied to polymer melts.

Shear of Two Opposing Melt Brushes: General Features.

In contrast to the solidlike behavior of a single brush, the
response on shearing two contacting, melt-brush-bearing sur-
faces under the same conditions exhibited a wide range of
relaxation behavior, as shown in Figure 3. For an applied shear
pattern similar to that in Figure 2, that is, a rest period, followed
by uniform applied lateral motion of one of the surfaces for a
period and then cessation of the applied motion, there are three
broad patterns of relaxation, as shown in Figure 3b(A, B, C),
depending in turn on the extent of extrusion of the brushes from
between the confining surfaces. Shortly after the jump-in to
contact, Figure 3b(A) corresponding to point A in Figure 3a,
the shear force rises initially with some sliding, then (following

a maximum) reaches a plateau where the surfaces slide freely
past each other, and finally, on cessation of the applied lateral
motion, relaxes slowly. At intermediate times of extrusion
(Figure 3b(B) and point B in Figure 3a), the shear force rises
(with some sliding), but a free-sliding plateau is not attained
prior to cessation of the applied shear, following which the shear

Figure 3. (a) Kinetics of thinning of the PIX brush bilayer following

the jump in to adhesive contact, fitted by the exponential decay (solid ; ; ;
line) (adapted from ref 11). The cartoons indicate the proposed substantial extrusion, when the surface separaliapproaches

configuration of the brush bilayer shortly after the jump-in (left cartoon) 300 A, Figure 3b(C) (point C in Figure 3a), the shear force
and at the end of the measurements (right cartoon; note increase infises sharply on first applying the shear motion, with essentially
mean bruskanchor spacing). (b) The lateral motion applied to the no sliding, and some slow relaxation is observed following
;Jpper Slg{_‘;ace _(L;pp?rttt:ace. '_—"t' aXi?)tér‘]”d tt_ra“?tr;‘_itfd She‘f’“JPrCte go‘é"ercessation of the shear. It is of interest that this valud,ofhere
race, axis) at the points of the time/thickness indicate : . - i
corresponding letters in an). (A) Motion between opposing-XlI Y th_e melt brush bilayer is almost SOI.Id.“!(e’ IS Slm”alf to the
brushes following the jump-in proceeds with low friction. The shear thickness of the P+X monobrush on initial contact with the

force across the bilayer increases with decreasing film thickness (B) opposing mica surface, where a similar solidlike behavior is
until a quasi-solid-like behavior is reached (C). observed (Figure 2b(A)).

force across the films again relaxes slowly. Finally, following
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A further telling difference in the shear behavior of a 1200 ——
monolayer and a bilayer configurations was revealed while 40,35
applying a sinusoidal shear. The shear response of a single brush 1100L
melt produced a sinusoidal shear force response almost exactly
in phase with the drive independent of the time in contact (see 1000 | lo30
Figure 2b(B)). In contrast, shortly after the jump-in of the two - = Z x>
brush covered surfaces, the shear response (not shown) was E | z
some 25 out of phase with the drive. This points to the much = 500- / 015 &
greater scope for relaxation of the sheared bilayer in initial £ / §
contact, though our discussion here focuses mainly on effects Eé 4001 5
related to larger scale sliding of two brush-covered surfaces. g 300 0,10 %

Although SFB measurements do not provide direct access to i
the molecular configurations in the polymer film, the difference 200L
in behavior at progressive times (Figure 3b;AB = C) shows 0,05
clearly that the conformational changes occurring during the 100L 4
adhesive contact have a significant effect on the viscoelastic
response of the system. The increase of the frictional response oL . : : 0,00
of the brush bilayer system is attributed to the increasing extent 0 40 80 120 160 200
of interdigitation arising from the increase in chain spacing (i.e., Time [sec]

decrease in surface density of chains) as the brushes extrudeigure 4. (a) Typical shear responses for the-iX brush-covered
and is illustrated in the respective cartoons in Figure 3. Another mica surfaces showing the displacements of the input and output shear
scenario of the structure evolution as the chains are extruded issignals (LH axis) and the evolution of the shear force with time (RH

the fluctuation-induced interfacial roughening between rubbing 3;:2)0&'11”56 r?rgg?/i%?etggtt??lﬁ] glr's";ﬂg :#gt?gr?r;p\)lgltig dat(ljattﬁglo;hg;;

brushes, as was recently proposed for sheared brushes betweefiface, and the lower traces show the displacement of the lower mica
the limits of good and theta conditiofResulting from this surface (LH axis) and shear forces across the bilayers (RH axis)
scenario, the opposing chains are mutually compressed andcorresponding to different bilayer film thickness. From bottom to top:

i ; ; ; i traces 1: 460k 15 A; 2: 4304+ 10 A; 3: 420+ 7 A; 4: 380+ 5 A
either interlock or entangle with a chain from the opposing The arrow points to the stop of the applied motion (end of the ramp

surface. Additionally, because of the reduced grafting density gpon by the dotted line). Letters indicate transitions to different
arising from the extrusion, the tethered chains reconfigure to regimes in shear responses. Parameters of shear responses are sum-
fill space at the mica surface where the zwitterionic attachment marized in Table 1.

point is located. This adsorption is important, as it prevents a . .
slip plane from locating at the miegrush interface and Py bending of the shear springs. _

dominating the frictional response of the system. We attribute At @round the point C (whose position shifts to larger shear-
the onset of solidlike behavior in Figure 3b(C) to the extent stress values as the films thin) a characteristic point of inflection

that adsorptive bridging of the brush chains attached to the iN the increase oF(t) is observed. At this point the surfaces
opposing surfaces occurs. This in turn is manifested in the slide rather faster past each other for a short period and then

suppression of relaxation pathways over the times of our sllovyer again: it is reminiscent of stielslip in splid—solid
experiments, similar to that discussed for the brush melt ffiction**though much less marked and emanating from a very
monolayer above. different mechanism at the molecular leddkollowing this,

while the top surface is still moving laterally, a maximuiax
V]Ye note thattth(;a (r:]omplex strulclzturetc;:the metlt-brush-co(;/rt]areq in Fyt) is attained (point D), following which the shear force
surlaces reported here, as well as the Spontaneous adnesiofy . qaseg either to a clearly marked plateau value (kinetic
between them, suggests that it would not be meaningful to fr

Its with the behavi ¢ solvated ol iction) for the shortest extrusion times (trace 1) or to a lower
compare4 608ur resutts wi € be aV|or20 solvated polymer 5 ,e when the applied lateral motion ceases (arrow). Such a
brushe$*%8 or adsorbed polymer layefs? where repulsive

. - : e - plateau (seen most clearly in trace 1 of Figure 4 and also in
interactions dominate the friction behavior. trace b(B) of Figure 3), where the shear force is equal to the
Shear of Weakly Interpenetrating Opposing Melt Brushes.  kinetic friction Fyin, corresponds to steady sliding of the surfaces
The difference in shear responses in Figures 2b and 3b ispast each other. Similar plateaus (though arising from different
especially striking immediately following the jump-in, when we  molecular mechanisms) were observed in shear of short polymer
believe the stretched configuration of each as-deposited me"fmelts?“'dendrimer monolaye$,and—in a configuration similar
brush is preserved and the opposing brushes are only slightlyto the present oneacross compressed brushes in a good
interdigitated. We now focus on this type of response, as shown ggjyvent46 The reason why similar plateaus are not clearly seen
in Figure 4 (similar to that in Figure 3b,A) for contacting melt  for the longer extrusion time brushes (curves4} is due, we
brush bilayers, progressively thinning though still in the weak pejieve, to the limited lateral motion we were able to apply via
Interpenetration regime. the PZ tube. Thus, the applied lateral motion ceased (arrow in
Several characteristic regimes can be clearly identified in this Figure 4) before a free-sliding plateau could be attained. We
set of shear responses. For a short period following the note that the value oFnax increases as the bilayer thins, as
commencement of uniform, lateral motion of the top mica does the timemax required to reachmax Finally, following
surface at time = 0, little sliding between the surfaces occurs the cessation of the applied lateral motion (point E), the shear
(Figure 4, region A-B), and the shear force increases as most force decays in a characteristic fashion, which we consider in
of the applied lateral motion is taken up by bending of the shear detail in a subsequent section (and in Figure 7 later).
springs. On increasing shear, the surfaces start to slide past each In Table 1 we summarize the following characteristic
other: at around the point B sliding is first clearly noted, and parameters for each of the curves from Figure 4: the maximum
further applied lateral motion of the top surface (from B onward) shear forcd=maxacross the film atynay the extent by which the
is taken up in part by sliding between the surfaces and the restsurfaces have slid past each other whgpx is attained (given
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Table 1. Characteristic Parameters of Shear Responses (as in Figure

4) —
. ©
F|g 4 tmax Fmax AXslide, Fin, Fres ,UN, g.)
trace  D,A s uN nm  uN 71,5 (after 200s) %
1 460+ 15 44 30 500 25 6.1 3 5
2 430+ 10 53 78 470 ~45 6.9 13 8—
3 420+ 7 59 105 470 8.2 13 =
4 380+ 5 68 160 430 10.7 21
001 0.01 Hz

by Axsiige = AXo — AX); the value of the kinetic frictiorfy, at
the sliding plateau (where this could be measured or extracted);
the characteristic relaxation time upon the cessation of the shear
Trel; @nd the residual shear forEgsfollowing 200 s of relaxation
subsequent to cessation of the applied shear motion.

We remark finally that the sliding friction coefficiepts for
the initial contact (trace 1) may be estimated from the effective
overall load and the shear force at slidifkgi{ ~ 25 uN, from
trace 1 in Figure 4). Although no external load is applied, as

described in ref 11 the adhesion between the surfaces is %
equivalent to a compressive lo&domp~ 4.6ypIR, Whereyp, is — / ‘
the surface tension of the PI melt aRdhe undeformed radius 80,0
of curvature £1 cm). This giveFcomp~ 1.4 mN. Thusues = §
Fiin/Fecomp ~ 25 uN/1.4 mN = 0.02, a relatively low value. =0,0
Shear Rate Dependence of the Shear Forc&he shear g
response of rubbing brushes at varying shear rates is of interest (10,0

as it is related to the understanding of molecular friction and
has been a subject of several theoretical studies. Most of these
dealt with solvated brushes, addressed the steady-state regime,
and found a decrease in the effective viscosity with the
increasing shear ratg(shear thinning).

For the interpenetrated polymer melt brushes in our system,
we examined qualitatively the effect of increasing shear rate
on the shear force, for a given bilayer thickness. The top mica
surface confining the bilayer was subjected to back-and-forth
motion (triangular pattern, top trace) at fixed shear amplitude
(Axo = +£450 A) but at increasing driving frequency, and the
corresponding shear force vs time traces for a46D A thick
PI—X bilayer are shown in Figure 5. The data are qualitative 0.10 0.15
insofar as a flat plateau in the shear force vs time traces (which Time [sec]

would yield the kinetic friction or equivalently the effective Figure 5. (a) Shear force vs time traces across Rlbrushes in contact
vrllsclo sity ogthe Tterpenetraélc())rl |Z_|0ne')A|shnot reach_ed e\r/]en fpr (bilayer thickness 460 A) as a function of the frequency of the lateral
the lowest drive frequency (0. z). At the same time there is pack-and-forth motion applied to the upper surface (upper trace) with
clear “hardening” of the response at the higher drive frequencies, constant shear amplitudes (£450 A). Note that the scale of the force
with little sliding being detected above 1 Hz, signaling onset axes increases at higher frequencies, so that the highest shear force
of a solidlike response. This indicates that the corresponding attained over a cycle (for the given shear amplitude we apply) increases

. . up to ca. 1 Hz where it saturates.
shear rates exceed the accessible relaxation rates of the'™

interpenetrated chains. In molecular terms, it implies that the contracting the piezoelectric tube on which the top surface is
interpenetrated chains being pulled laterally have little scope mounted. Trace 1 of Figure 6 shows the lateral motion pattern
for stretching, as the entangling network surrounding them applied to the top mica surface, while traces£2show the
undergoes little relaxation in the available timel(s). corresponding shear force between the adhered bilayers. Trace

Shear Response on Decompressiom our earlier papét 2 shows the response prior to application of a decompressive
we described measurements of the pull-off forces of molten |oad, revealing an almost solidlike response following significant
PI—X brushes which were carried out to probe the viscoelastic extrusion as described earlier (Figure 3). Traces 3 and 4 show
adhesion mechanisms in these polymer films. These experimentshe shear forces on gradually contracting the piezoelectric tube
revealed pull-off rate-dependent interactions of the mutually (PZT) to apply a progressively increasing tensile force as noted
interpenetrated brush melt layers and the rupture of the brushabove. We see that application even of a small extent of
layers following the jump-out. Here we focus on the shear decompression results in some recovery of the relaxation rate
response of the bilayer brush melts when they are subjected to(and also of the phase shift in the sinusoidal shear response,
a tensile force in adhesive contact. not shown here). As clearly seen in traces 3 and 4 compared

As noted, following progressive extrusion after the jump-in with trace 2, both the extent of sliding between the sheared
to contact, the shear response becomes increasingly moresurfaces during the applied lateral motion and the relaxation
solidlike, and any relaxation becomes more sluggish. In Figure rate upon the cessation of shear are considerably enhanced by
6 we show the effects of applying a tensile force on the shear the decompression. We emphasize that the actual change in
response of the adhering brush bilayer. Such a tensile force maycontact are& due to the decompression leading to traces 3 and
be viewed as a decompression load and may be applied by4 is smaller than our detection limit (within-5L0%), while the
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Thus, longer portions of the chainthe interpenetrated portions
0.35L are stretched upon shear, afgax increases. The cartoons in
’ Figures 3b(A) and 3b(B) respectively illustrate the behavior at
0.30L lesser and greater interpenetration.
’ While this is to our knowledge the first experimental study
Z 0,25} of melt brush interaction and shear, similar shear experiments
c have been carried out by Tadmor etfalhere two self-
Yy 0.20 assembled solvated brushes in a good solvent were compressed
O Vel to around 70% volume fraction of polymer and then sheared.
Ke) This earlier study differs from the present polymer melt one in
kol 0,15- the grafting density and in some effect of the solvent, while in
2 the current study the progressive extrusion of the contacting
@ 0,101 melt brush bilayer provided an additional variable which varied
the frictional forces on shear. Nonetheless, the analysis applied
0,05r there—to shear of compressed, high density, entangled brushes
well above their glass transitiershould also hold in the present
o o0pPsy system. Thus, we may examine the stress relaxation in the brush
0 100 200 300 400 melt (in traces in Figure 4) in light of the analysis in ref 6.

Ti Stress relaxation after the applied motion was ceased is
ime [sec] S . o :

] ] ) ) initially rapid but then becomes logarithmically slow (Figure
Figure 6. Shear behavior upon applying a decompression load to the 4y This has been interpreted quantitatively in terms of an “arm-
brush bilayer in contact. Directly recorded shear traces: (1) applied etraction” mechanisfrwhere the chains from each brush relax
shear motion to upper surface; (2) shear force across the brush bllayerr . , i

in a solidlike regime (about 130 min in contact), prior to application Dy retracting from their entanglements within the mutual
of decompression; (3, 4) shear responses of the same bilayer as in tracénterpenetration zone. We now examine this logarithmic relax-
2, but under a weak decompression (trace 3) and a slightly larger ation mode in more detail. According to the model presented
decompression (trace 4), as described in the text. earlier the measured shear forEg(t) decays with time as the

| f the bil hick Iso d iceably ch residual stress is borne by the remaining unrelaxed portion of
value of the bilayer thickness also does not noticeably changey, . interpenetrating chains, accordin§¥

as a result of the decompression. Thus, the changes in the
relaxation and sliding behavior are likely due to structural [F(0) — F(O)I/F(0) = (IJoLy) In[t/r] (t=17) (2)
changes within the bilayer itself. We attribute this to the tensile s s s
stress causing some desorption of bridging chains from opposingHereF(0) is the tension when the chain retraction commences
brushgs, on the one hand, and p_ossmly to some d|sentangIemerttg:orrespoming in our experiments to the point E in Figure 4),
of chains from the interpenetration zone, on the other. Impor- | s the polymer entanglement lengthy is the fully stretched
tantly, shear traces of a single-PX monolayer under similar  gng-to-end length of the polymer (its total contour length), and
shear tests did not show any signs of the enhanced relaxationy ~ 0.6 is a constantr is a characteristic time related to the
which indeed would not be expected on the basis of the aboveyeptation time of the interpenetrated portion of the brushes and
mechanism (since the total number of bridging chains for a magnitude of ordel s orless for the present system. In
mon(_)layer is a function only of the contact area and surface Figure 7 we plot F{0) — Fy(t))/F<0) vs In¢) from the shear
density of chains). traces in the relaxation region indicated by arrows in RH insets
Mechanism of the Brush Shear and RelaxationA central to Figure 7. The brush responses following the jump in (curves
finding of this work concerns the frictional force and its 1 and 2) are compared to the brush behavior at later time (curves
relaxation following shear of the rubbing melt brushes, as 3 and 5) and to the brush relaxation upon application of
revealed particularly in the data of Figure 4. The essential picture decompression load. The linear fit of curves 1 and 2, which
is one where the two melt brushes interact and interpenetratecorrespond to the upper and lower traces of Figure 4, as well
on contact. Upon shear, the mutually interpenetrated chains aregs of curve 3 gives a slope 0.280.02. The onset time in the
both stretched and also pulled out of the interpenetration zone, |n(t) axis (a few seconds) may possibly be attributed to the fact
as indicated in the cartoons in Figure 3b. that, except for curve 1, in all the other shear response traces
Examining in more detail trace 1 of Figure 4, where the main the applied motion was stopped before the steady-state sliding
features are most clearly marked, we note the initial rapid rise was fully reached. At higher degree of brush interpenetration
in the shear force corresponding to the stretching of the chain (curve 5) as well as in decompressed brushes (curve 4) the slopes
moieties in the interpenetration zone. This is followed by a deviate from the above value, indicating other relaxation
maximum Emay Which is the shear force when the increasing pathways.
chain tension is just balanced by the drag on it within the  According to the model, the magnitude of the logarithmic
interpenetration zone as the chains are pulled out and subseslope (JoLg), from eq 2, should be related to the total number
quently by a spontaneous decrease in this maximum as theof entanglement lengthd ¢/le) = (M/Me) and is predicted for
additional tension causes the chain ends to be pulled out fastethe PX brushes to be close to 0.81¢oM = 5.3 x 10%(0.6
than the mutual sliding velocity of the surfaces. This has been x 29 x 10% = 0.3). The closeness of agreement between the
interpreted as a sort of “stick-slip” event, though it has a  predicted (0.3) and experimentally measured (&:282) slopes
different molecular origin than in friction between solid surfaces is unlikely to be fortuitous even in view of the approximatibns
and has also been conjectured ea#fer. leading to eq 2. It is especially interesting to compare these
We also remark on the increasing magnitudeFgfx with predicted and observed values to those in ref 6, where a different
the thinning of the brush bilayer, on going from trace 1 to 4 (in polymer, a zwitterion-terminated poly(ethylene propylene),
Figure 4). This occurs because as the melt bilayer extrudes anddesignated PEPX, was used for the brush (and a correction
thins, we expect also greater interpenetration of the brushes.made for the volume fraction of monomers in the highly
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' ' ' ' 1 tions at different extents of extrusion of the bilayer. The lateral
l force between weakly interpenetrating brushes (low extent of
— extrusion) as the shear motion grows shows a characteristic
maximum in the shear force, attributed to initial stretching of
the interpenetrated chains, followed by spontaneous relaxation
to the steady-sliding regime as chains relax away from their
stretched configuration. Kinetic sliding of the surfaces initially
3 proceeds with relatively low friction (friction coefficient ~
0.02) under the adhesive load between the contacting brushes.
As the melt bilayers undergo progressive extrusion and conse-
2 qguent thinning, the lateral force in response to shear remains
qualitatively similar to that on initial contact, but at a higher
/ magnitude of force, reflecting the greater interpenetration as the
/ layers extrude.
While the above observations are largely qualitative, a telling
point is noted when, following shear at relatively weak
/ interpenetration, the applied sliding motion is stopped. The
] : : ' residual shear stress is then observed to decays logarithmically
over a significant dynamic range, at a rate quantitatively very
Ln(t(sec)) close to that predicted for the relaxation of an entangled network
Figure 7. Relaxation regime at timeafter the cessation of the applied ~ Of dangling P+X chains in a melt. These predicted values
motion plotted asHs(0) — F«(t)]/Fs(0) vs Int), whereF(0) is the value differed by about an order of magnitude from the logarithmic
of the shear force at the point indicated by an arrow in each shear relaxation rate predicted in an earlier study for a rather different

trace shown in the panels on the right side (trace numbers correspon PER
to curve numbers in the main figure). The straight lines in curves 1dpolymer system (compressed brushes). The fact that

and 2 have a slope 0.28. Curves 1 and 2 correspond to traces 1 and 41 both experiments the observed logarithmic relaxation rates

in Figure 4; curves 3 and 5 correspond to shear traces in Figures 3b-were very close to the (widely differing) respective predictions

(B) and 3b(C), respectively. Curve 4 corresponds to trace 4 in Figure suggests that the model of “dangling-end” relaxation represents

6. well the molecular mechanism of interactions between the
_compressed, sliding brushes.

compressed solvated brushes). For the polymer parameters in

the PEP-X brush studyf, the predicted value of the slope was  aAcknowledgment. We thank the Israel Science Foundation
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