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Abstract—L angmuir-Blodgett monolayers from end-functionalized polyisoprene (PI-X) were studied in a
surface force apparatus (SFA) asamodel of ahighly stretched brush melt. After deposition on afreshly cleaved
mica, two identical brush monolayers (with surface area per molecule of about 170 A%) were brought into adhe-
sive contact in the SFA; then kinetic changesin the film thickness and the topography of the contact were con-
tinuously monitored. We observed spontaneous thinning of the brush melt bilayer. This effect can be attributed
to the enhanced lateral motion of the sticking end-groups under the “contact induced pressure.” The possible
model describing kinetic changes in the film thickness is presented. The behavior of the two opposing brush
melts and a single brush monolayer in contact with two mica surfaces was compared. Molecular mechanisms
involved in the rearrangements of brush melts are proposed for both systems.

1. INTRODUCTION

End-functionalized polymers are a class of amph-
iphylic molecules in which the ionic or zwitterionic
group at the end of the polymer chain represents the
hydrophilic part, and the hydrophobic part isusually an
oil-soluble macromol ecule. Such polymers can be con-
sidered as structural analogs of regular surfactants and
indeed they have a number of properties in common
with low-molecular-weight surfactants. Thus, dynamic
light scattering measurements showed that, in dilute
solutions of end-functionilised polyisoprenes, molecu-
lar aggregates are formed and the critical association
concentration of such polymer micelles is determined
by the concentration of polar end groups[1].

Another similarity to the regular surfactant’s behav-
ior is that, in a good solvent, end-functionalized poly-
mers adsorb on a solid surface viathe end group. As a
result, a“swollen polymer brushes’ are formed, which
strongly modify interfacial properties. In this case the
lateral spacing s between the grafted ends is consider-
ably lower than the dimensions of the undisturbed poly-
mer coil (Fig. 1a). The brush height h is determined by
the balance between the osmotic interactionstending to
stretch the molecules norma to the surface and the
decrease in entropy due to the stretching [2-4].

Compared to the adsorbed layers of low-molecular-
weight surfactants, polymer brushes have a number of
advantages determined by the long polymeric tail, such
as much more extended adsorbed layers, higher
mechanical stability of the adsorbed layer and better
lubricating properties. This explains immense practical
and fundamental interest in such brushes, especialy in

the steric stabilization of colloids [5, 6], regulation of
surfaces wettability [7] and lubrication [8, 9].

The case of interactions between densely attached,
solvent-free polymer melt brushes (Fig. 1b) is of con-
siderable interest. Such systems have been relatively
neglected in comparison with the swollen brushes. The
specific highly stretched configuration of the polymer
chainsin amolten brush impliesdifferent behavior than
inusual polymer films. However, there have been so far
only few experimental publications on the characteriza-
tion and properties of the monodispersed molten
brushes. This is explained by experimental difficulties
to achieve high grafting conditions, which are usually
assumed in theories. Physical adsorption from the solu-
tion of end-terminated polymersistoo weak to provide
a high grafting density. As a result, very thin (or even
noncontinuous) polymer layer is left on a substrate
upon the removal of a solvent.

A more controllable brush layer can be obtained by
the chemical grafting of the chain ends [10, 11] or by
the adsorption of a diblock copolymers on the surface
[12] resulting in a segregated lamella phase (Fig. 1c).
Though even in these cases, usualy only alimited sur-
face coverage can be achieved. Additionaly, it is diffi-
cult to apply chemical grafting procedure to the inert
mica surface, which is conveniently used in the surface
force apparatus (SFA) for measuring surface separa-
tions with several angstroms resolution due to atomi-
cally smooth surface (see experimental section).

An interesting approach to create surface layers of
polymer melt brushes on solid substrates is to utilize
the ability of end-functionalized polymers to form sta-
ble Langmuir monolayers on water surface, which can
be than transferred onto solid substrates via the
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Blodgett technique. Recently, a highly stretched brush
melt monolayers of polyisoprenes have been described
[13, 14]. The compression isotherms are dominated by
the entropy change due to the stretching of polymer
chains upon lateral compression [14]. The thickness of
the monolayers at the air/water interface has been char-
acterized by X-ray reflectivity measurements and was
shown to be inversely proportional to the area per head
group in accordance with a model assuming a solvent-
free hydrophobic layer of the same density as the bulk
material. When transferred onto solid substrates, these
monolayers can be regarded as dense incompressible
brush melts with controllable grafting density and
thickness, and can be directly used for measurementsin
the SFA.

In thiswork, normal (adhesive) interactions between
well characterized, highly stretched molten brush layers
created by Langmuir—Blodgett (LB) technique are stud-
ied. The distinguishing features of these brush layers are
high monodispersity, high grafting density and relatively
high molecular weight of the chains, al resulting in high
stretching of the molecules. They also have an advantage
of a well-characterized structure regarding the interan-
choring spacing and brush height, which can be deduced
straightforwardly from the deposition procedure.

2. EXPERIMENTAL
2.1. Polymer

Linear polyisoprene (Pl) end-terminated by the
zwitterionic group —(CH;),N*(CH,); SO; (—X) is used
to obtain stretched brush monolayers (its structureisin
the inset to Fig. 44). It was synthesized via anionic
polymerization. The details on synthesis and character-
ization of the polymer are given elsewhere [15]. The
molecular characteristics of the end-functionalized Pl
are: M, = 28300 (membrane osmometry); M,, = 29900
(small-angle laser light scattering), M, /M, = 1.06 (size
exclusion chromatography), indicating high monodis-
persity of the macromolecules.

The polymer is amorphous, of honey-like viscosity
at room temperature, 7,= —66°C [16], the unperturbed

radiusof gyrationR, = (0.8 Mv]f) =137 A [17], viscosity

No = 9.38 x 10-4M3% = 230 Pas at the temperature of

our experiments (25°C), surface tension of pure poly-
isoprene isreported as 31 mN/m, and the density of the
polymer p = 0.913 g/cm?[18].

2.2. Apparatus and Experimental Procedure

2.2.1. Langmuir—Blodgett (LB) technique. The
monolayers of PI-X for SFA studies were prepared
using a 36 x 15 cm rectangular Langmuir—Blodgett
minitrough made of polytetrafluoroethylene and equipped
with two compression hydrophilic barriers and Wil-
helmy Pt plate for the detection of surface pressure 1t It
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Fig. 1. Schematic comparison of (a) monolyers of tethered
polymers (polymer brushes) swollen with solvent, where h
is the brush height and sis the lateral spacing between the
grafted chain ends; (b) monolayers of tethered polymers
that are free of solvent (polymer brush melts), (c) one
lamella of a phase-separated A—B block-copolymer.

isalso supplied with dipper device (KSV, Finland, Fig. 2).
The water used (resistivity 18.2 x 10° Q/cm, total dis-
solved organic carbon <4 ppm) was purified by aMilli-
pore system.

Polymer was spread over the surface of pure water
from 0.01 wt % solutions in hexane (Merck, spectro-
scopic grade). After the evaporation of the solvent, the
layer was compressed to a predetermined pressure.
Prior to deposition, the stability of the layer was
checked over a 10-15 min period. All depositions were
carried out by withdrawing the substrates from the water
subphase a constant pressure 15 mN/m and 2 mm/min
withdrawal speed. Freshly cleaved mica sheets (Ruby
Clear Muscovite mica, Grade 1, S & J Trading Inc.,
N.Y.) glued to glasslens (EPON 1004 epoxy glue) were
used throughout as substrates. Deposition on both
lenses was carried out simultaneously. The transfer
ratio, determined in separate experiments with rectan-
gular mica sheets, was close to unity. We note that,
upon withdrawing the lenses from the water surface, a
residual interfacial layer of water may remain on mica,
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Fig. 2. Schematic of the Langmuir—Blodgett trough with illustration of the monolayer deposition onto mica sheets glued to quartz
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Fig. 3. Schematic of the surface force apparatus used in the present experiments. The two mica sheets are mounted on cylindrical
quartz lensesin across-cylinder configuration (inset). Heat filtered whitelight (4), passing through the SFA, interferesin the contact
area, and then it is transmitted to spectroscope (5) through the microscope tube (6). The top lens is mounted on a sectored piezo-
electric tube (7). Normal forces are measured viathe bending of the horizontal stainless still leaf spring S, (2). Bending of the shear-
force spring S (1) is monitored by an air-gap changes in the capacitor probe (3).

protected by the thick polymer film from drying using
conventional procedures (e.g., P,Os).

2.2.2. Surface forces measurements. The surface
force apparatus used in this study has recently been
described in detail [19]. Thisversion of SFA has partic-
ularly high sensitivity and resolution in measuring lat-
eral displacements and shear forces. Figure 3 showsthe
SFA schematically.

SFA measures normal forces F(D) and lateral
(shear) forces F (D) between two curved mica sheets
positioned in a cross-cylindrical configuration a closest
distance D apart. The gap between mica sheetsis deter-
mined using a multiple beam interferometry with an
accuracy of about +3 A [20]. Thisis done by monitor-
ing the change in the wavelength of fringes of equal
chromatic order (FECO) in response to applied motion
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inthe direction normal to the surfaces. The gap between
mica sheets can be filled with air, solvent or solution.
The surfaces may be covered with adsorbed layers or
deposited films like in our case. Distance D between
mica surfaces is then calculated via interferometric
equations using the refractive index of certain media
between the mica sheets.

The forces are measured by monitoring the bending
of two orthogonal sets of leaf springs: vertical spring S,
(spring constant K; = 300 N/m), and horizontal spring
S, (spring constant K, = 150 N/m). The bending of S,
(on which the lower lens is mounted) is determined
with the multiple beam interferometry. Relative normal
motion of the surfaces was affected via a three-stage
mechanism, with the most delicate stage utilizing asec-
tored piezoel ectric tube (PZT) which could ensure both
normal and lateral motions. The area of flattened con-
tact was measured to characterize the geometry of the
interacting areas. In a number of cases, the images of
fringesweretaken using avideo camerato illustrate the
topography of the contact.

2.2.3. Adhesion and interfacial energy measure-
ments. Since the lower lensis suspended at the end of
a cantilever spring, regions where the gradient of the
force dF(D)/dD islarger than the spring constant K, are
inaccessible. At the distance where such intrinsic insta-
bilities occur, the surfaces will jump to contact driven
by the attractive dispersion forces or jump out when
pulled apart. The value of the pull-off force, F,, needed
to separate the two contacting surfaces, can be deter-
mined by multiplying the jump-out distance by the
spring constant K.

The polyisoprene/air surface energy y, may be
determined according to the Johnson, Kendall and Rob-
erts (JKR) equation [21]:

Y, = —F,/3TR (1)

where R is the radius of the curvature (=1 cm) of the
surfaces prior to contact.

The radius of the flat contact area a.,, is measured
directly from the fringe shape. It was generaly in the
15-25 pm range.

2.2.4. The experimental procedure. In each exper-
iment, the mica sheets were glued onto the cylindrical
lenses and mounted into the SFA. Then the FECO
wavelengths for air contact between the bare mica sur-
faceswere calibrated. Following this, the apparatus was
opened in adust-free laminar flow hood, the lenses dis-
mounted and fixed in the lens holders of the LB device
(Fig. 2), and the deposition of the PI-X monolayer was
carried out. The lenses were then mounted back in the
apparatus as close as possible to their original position.
Prior to force measurements, the polymer layers were
dried inside the box under the flow of dry nitrogen for
several hours and experiments were carried out under a
dry nitrogen atmosphere. During the approach, the sur-
faces were moved slowly toward each other using the
PZT until they jumped into contact from a position
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Fig. 4. (a) The typical T=A isotherm of PI-X on the water
subphase. Inset: polyisoprene end-terminated by the zwitte-
rionic sulfo-amino group. (b) The compression and expan-
sion isotherms of the PI-X monolayer showing insignificant
histeresis. Inset: Kinetics of a PI-X monolayer stability
showing the area per molecule versus time at constant sur-
face pressure 15 mN/m.

roughly 50-100 A from the polymer-polymer contact.
No external compression load was applied following
this jump into the adhesive contact.

Results shown are from severa different experi-
ments, with data taken from a number of different con-
tact positions in each experiment.

3. RESULTS AND DISCUSSION
3.1. PI-X Monolayers at the Water/Air Interface

Monolayers from end-functionilised polymers can
be regarded as a continuous film of uniform thickness
that isfree of solvent and that has one interface with the
aqueous phase and another, with the air (Fig. 1b). All
polymer chains are bound to the agueous phase by one
end (the functional group). The system is characterized
by the area S of this interface, the temperature T, the
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number of polymer chains in the system n, and the
properties of polymer chains. The measured film pres-
sure is given by the difference between the derivatives
of the free energy with respect to the area of the pure
water surface and the adsorbed polymer film:

= _( al:/aS)T n(polymer film)

+ (a F/a S)T(Water/air interface) *

The second term in EQ. (2) isjust the surface tension
of pure water y,,. The first term in Eq. (2) can be repre-
sented by the sum of the following three contributions:
(1) the interfacial tension at the polymer/air interface,
(2) theinterfacial tension at the polymer/water interface,
and (3) a contribution to the surface pressure due to an
elagtic stretching of the polymer chains, (0F/0S)q,gic-
Under the assumption that the free ends of the chains
are similar to the other segments and do not influence
the surface tension of the interfaces, the first contribu-
tion is independent of the area per molecule and isjust
apolymer surface tension y, that is a constant.

The head groups of the polymer chains, however,
are chemically different from the polymer chain, and
the surface concentration of these groups does influ-
ence the interfacial tension of polymer/water interface

Ypu- IN principle, the addition of the zwitter-ionic

(2)

groups tends to lower ygw :

(OF/0S)atertpotymer = Yo —f(S/). 3)

Summarizing al the above considerations, one can
obtain the following expression:

0=V = (Vp + Voo ) + F(S/1) = OF/0S) gz~ (4)

The elastic component of the surface pressure was
first devel oped theoretically by Heger and Goedel [13].
They also confirmed experimentally that there is a
regime of stable polymer brush melts on water surface
when the polymer chain statistics dominate the prop-
erties of thefilm. This conclusion meansthat the poly-
mer monolayers retain the intrinsic polymer proper-
ties and could be considered as a model of polymer
brush melts.

A typical isotherm of PI-X monolayer, shown in
Fig. 4a, can be characterized as an isotherm of an
expanded type, with collapse pressure above 37 mN/m.
To obtain complete spreading, it is necessary to use
highly dilute (no less than 0.01 wt %) solutions of end-
functionalized polymers. This condition is dictated by
the “critical association concentration” (10-°~10~" molar
concentration of zwitterions), which was determined
by dynamic light scattering measurements of PI-X
dilute solutions in aliphatic solvents [1]. The reasons
for the poor spreading of PI-X from more concentrated
solutions have been discussed in [13]. The authors sug-
gested that, in the bulk of the polymer phase, polar end
groups form clusters, which do not totally dissociate
when dissolved in a nonpolar solvent. Thus, polar

groups are sterically hindered from accessing the water
surface. In this case, the isotherm shifts to lower areas
per head group. If dilute solution is used, the monolayer
is laterally homogeneous and the isotherms are inde-
pendent of spreading conditions, compression speed
and are nearly free of hysteresis (Fig. 4b). Measure-
ments of the kinetic stability of the PI-X monolayers at
the deposition pressure (inset to Fig. 4b) confirmed that
such layers are stable enough to be transferred onto
solid substrates, resulting in areproducible well defined
brush melt monolayer. The monolayer was stable dur-
ing almost 30 min of measurements at a constant sur-
face pressure of 15 mN/m, when the value of the area
per molecule decreased only by 4%.

Since the transfer ratio while depositing onto the
solid substrate was close to unity, we may assume that
the surface density of the monolayer is preserved, and
we obtain on a freshly cleaved mica surface a well
defined highly stretched brush melt composed of near
monodisperse polymer chainswith N,, =~ 427 monomers.
The amount of polymer per unit area and the layer
thickness are determined from the parameters of com-
pression isotherm during deposition. That is, at a sur-
face pressure of 15 mN/m, the area per molecule A was
170 = 6 A2, The thickness h of each monolayer is
obtained directly from the incompressibility condition:

h=(M,N,)/pA, (5)

where M, and p are the molecular weight and density of
the polymer, and N, is Avogadro’s number. At M, =
28300 and p = 0.913 kg/m?, 1 = 302 + 10 A. The con-
tact separation following the jump-in of the two mica
surfaces each covered with PI-X monolayer, averaged
from several experiments is 560 + 20 A. If we assume
that this value represents twice the thickness of an
incompressible monolayer, this would correspond to
each monolayer being on average 280 + 10 A. Thetwo
values of the monolayer thickness obtained by com-
pletely different absolute approaches, are close to
agreeing within their scatter.

Other relevant parameters of the PI-X brush melt are
the polymer adsorption I' = 30 mg/n?, the surface num-
ber density of end groups (number of molecules per
unit area) =0.59 x 10'"®* m2, and the mean distance

between grafting ends, s = /A = 13 A (compared to the
unperturbed end-to-end dimension of the chain,
R, =137 A). Theratio of the brush extension (280 A in
the film) to the interanchor spacing turned to be very
appreciably higher than in most studies of solvated
brushes.

When transferred via the LB technique onto mica
substrate, the PI-X monolayers expose an outer brush
layer of chain ends to the air, the polar zwitterionic
head groups being attached to the solid surface. From
earlier studies, we know that the interaction energy
Emitterionmica Of the zwitterions with mica in a toluene
medium is ca. 7-8 k5T [22]. We may assume that this
value remains similar in amelt. The total energy asso-
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ciated with the PI chains in the brush stretched to an
extent h is to a good approximation given by their
stretching energy Egecn 8S there is no osmotic contri-
bution in the melt. This is given by Eggq =

(BR2R%)ksT = 6ksT, comparable to or slightly lower
than the zwitterion—mica sticking energy. Moreover,
the tension within each chain is of order (0E yeq/0h) =
0.05(kgT/A) [2]. This compares with the much larger
tension of order (& ineionmicd2 A) = 4(kgT/A) required
to detach a zwitterion end-group from the substrate,
since pulling it away by say 2 A from the mica surface
presumably overcomes most of the sticking energy and
so sufficesto detachit.

Thus, we would not expect the anchoring zwitterion
ends to be readily removed from the mica surface due
to the relaxation of the stretched conformation of the
chains. Moreover, the destabilization of the brush
monolayer due to the desorption of chain endsis kinet-
ically inhibited by the high viscosity of the PI-X melt.
Thisisindeed consistent with our observation that, over
the time scale of our experiments, the initial film thick-
ness and interactions, both normal and shear, remained
generally the same.

3.2. Opposing Brushes between Mica Surfaces

3.2.1. Kinetics of film thinning. On approaching
the surfaces covered with Pl-X monolayers spontane-
ously jump-in to a well-defined flattened contact with
the averaged radii of about 1525 pm. The effective
attraction observed for the brush covered surfaces can
be explained by the gain in the free energy, when two
brush/air interfaces are replaced by a sole brush/brush
interface with a lower surface energy. Already during
thefirst minutes after the contact was formed, the poly-
mer film starts to thin spontaneously. The gradual
change with time in the position of agiven fringe for a
bilayer in contact is shown in Fig. 5. Even fringes,
which are more sensitive to the differences in the
refractive indices of the medium and the polymer film
at the surface separations of our experiments, exhibit a
characteristic “neck” which thickens with time, as
shown in Fig. 5c. The right of Fig. 5 shows a cartoon
corresponding to the geometry of the melt brushes in
contact.

The size and the shape of the flat contact zone imme-
diately after the jump-in are in a reasonable agreement
with the KR theory (Fig. 5b), which in the absence of
an applied normal load relates the radius a of the contact
zoneto the underformed radius of curvature (R = 1 cm) of
the mica surfaces as

@ = 121yRYK, (©)

where K is the effective bulk modulus of the PI-X-
monolayer/micalglue/glass system and has a value in
therange K = (1-5) x 10° N/m?[19], whiley, isthe sur-
face energy of the Pl monolayer. Putting y, = 31 mJ/m?
gives a = 30-50 um, which is comparaf)Ie with our
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observations (g, = 15-25 um). The two-fold variance
in the measured diameter of the flat contact zone may
be due to the differences in the local thickness of the
glue layer used to mount the mica sheet to the cylindri-
cal glass lens or to loca variations in the effective
radius of curvature R.

Figure 6a shows the thinning of the polymer bilayer
asafunction of time following spontaneous monolayer
jump into contact. Kinetic curves of the film thinning
are quite reproducible for different contact positions
and experiments (Fig. 6b), and can be well fitted by the
exponential second order decay (solid line in Fig. 6a)
for the initial and following thinning regimes. From
Fig. 6a, it can be seen that, during the first minute after
the jump-in, film thickness decreasesby 25+ 5 A. Dur-
ing the next 10-20 min, the brush bilayer loses about
20% of itsinitia thickness. After 1020 min, the flow
of the brush melt out of the gap becomes more slug-
gish with thinning velocity about 1 A/min. In2-3h,
the film thickness decreases to about 300 A. The residual
film thickness correspondsto the asymptotic value D' in
the fitting equation

D = D'+ Aexp(—t/t)) + A,exp(—t/t,), 7

and it is about 290 + 35 A. This possibly means that, at
longer periods, polymer chains are not squeezed out
totally from the gap. Rather the brushes finally assume
the conformation dictated by the minimum of the free
energy.

We emphasize that, throughout the experiments,
external load was never applied to the surfaces follow-
ing their jump into contact. However even in the
absence of such a load, the JKR theory tells us that,
under adhesive forces, two contacting bodies experi-
ence a “contact-induced” normal stress, with a com-
pressive maximum in the center of the contact zone
decreasing to negative (tensile) values toward the
edges. We note here that the compressive pressure at the
center of the contact zone estimated from the JKR the-
ory for our system is of order 10 MPa (100 atmo-
spheres) [23].

We attribute the thinning of the brush melt to the lat-
era pressure gradient arising from the normal stress,
which must cause the zwitterion groups anchoring the
chains to the mica to migrate lateraly away from the
contact-zone midpoint (where the pressure is the high-
est, Fig. 7). As aresult of such migration, the surface
coverage decreases. Similar effect of the monolayer flu-
idity and ambient conditions on the enhanced lateral
diffusion and adhesion of the end-adsorbed short-chain
surfactants was studied by Chen and Israglachvili [23].
However in their experiments, the absolute changes in
the monolayer thickness have been too small to make
any systematic kinetic measurements. Asit was aready
mentioned earlier, in our system a residual interfacial
layer of water may remain on mica surface after the
deposition procedure, which could facilitate the lateral
dliding of the chain ends.
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Fig. 5. Images of the ECO fringes, taken with avideo cameraand corresponding sketches of the contact. (a) Direct contact between
micasheetsin the air taken as a calibration of the zero separation between the surfaces (D = 0). The vertical lineisareference green
line (Hg). (b) Images of acertain even fringe, taken at timet: (1) 7 and (2) 30 min and corresponding to the polymer film thickness D:
(1) 532 and (2) 427 A. (c) Image of an odd fringe showing characteristic “neck.” (d) Image of the fringes after the jump out of the

adhesive contact.

3.2.2. Adhesion measurements. The use of the JKR
expression (Eq. (1)) to evauate surface energies is
complicated when the surfaces are viscoelastic (which
is the case for polymer monolayers above the T, of
polyisoprene, as in this study) due to pull-off-rate
dependence of the force F, needed to separate the sur-
faces from the contact. Recent SFA studies on the rate-
dependent pull-off forcesin thin layers of block-copol-

ymers, one block of which is represented by polyiso-
prene [12, 24], have been carried out to probe the vis-
coelastic adhesion mechanism in these polymer melt
films. We observed some similarities to this in the
behavior of the PI-X brush melt on separation from
adhesive contact, as well as some different features.

On separation from the flattened contact between
PI-X brush monolayers, the contact area gradually
COLLOID JOURNAL
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Fig. 6. (8) Kinetics of thetwo opposing brush meltsthinning
following the jump-in to adhesive contact. The solid line
corresponds to the function (Eq. (7)) D = (285 £ 65) + (75 =
30)exp(—#/(8 £ 4)) + (197 = 60)exp(—#/(116 £ 78)) (tin
min, D in A). Inset: Possible molecular structures of the
brush bilayer following the jump-in and at the end of kinetic
measurements. (b) Kinetics of thefilm thinning for different
contact positions and experiments plotted in logarithmic
scale.

decreases. Finally it appears as a point just before the
jump out occurs. This point deformation is very pro-
nounced, and is accompanied by the slow expansion of
the film by up to 50-70 A in a manner suggesting the
formation of athin neck. The formation of such a point
deformation on receding may be due to the nonuniform
stress distribution within the contact zone (Fig. 7),
which leads to a higher degree of interdiffusion and
entanglements, and, hence, of adhesive energy towards
the center of the contact zone.

In contrast to previous studies [12, 24] which have
shown an increase of over 50% in the surface energies
determined from the pull-off values compared with
their thermodynamic values, we did not measure asim-
ilar enhancement in our investigation. The origin of the
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Fig. 7. Schematic of the stress distribution P (1) in an adhe-
sive flattened contact (2) of areaa under acompressive load
F according to the JKR theory.

anomalously higher values in these earlier studies is
believed to be an effectively-enhanced adhesion result-
ing from viscoelastic effects at the finite pull-off rates
between the mutually-interpenetrated polymer-melt
layers on the opposing surfaces. In our experiments, the
surface energy of each brush layer determined from the
pull-off forceviaEqg. (1), was about 33+ 5 mN/m, sim-
ilar to the literature value of surface tension for bulk
polyisoprene (y, = 31 mN/m) [18]. The apparent
absence of any enhancement of the pull-off force dueto
energy dissipation while viscous friction of the chain
endsin the contact zone can be understood by the dam-
age of the brush structure while applying of the decom-
pression load or by the high enough separation of the
monolayers from the contact.

We observed that each time, following the jump out,
the ECO fringes, which map the relative contact geom-
etry, appeared to show discontinuities (Fig. 5d). This
indicates that the layers are no more uniform (as other-
wise the fringes would be smooth and continuous) due
to probably partial detaching of the end-groups from
the mica surface or due to partial dewetting of the film,
as shown schematically in Fig. 5d. Asit was shown ear-
lier, the weakest place of the grafted chains structureis
the polymer/solid interface [25]. Probably, the “crack”
line avoids the regions of highly interpenetrated and
entangled chains from the opposing layers, resulting in
apartially peeled film. Thus, it is not strictly correct to
use Eqg. (1) for the calculation of adhesion between PI-X
monolayers, and the fact that our measured value is
actually close to the thermodynamic value for v, is
rather fortuitous.

3.3. Sngle PI-X Brush Trapped between Mica Surfaces

In order to get closer understanding of the mecha-
nism of the spontaneous film thinning, the experiments
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Fig. 8. (8 Kinetics of the PI-X brush monolayer thinning
following the jump-in to adhesive contact. The solid line
correspondsto thefunction (Eq. (7)): D = (180 £22) + (47
16)exp(—/(3.4 £ 3)) + (71 £ 18)exp(—/(65 + 34)) (tin min,
D in A). Possible molecular structures of the brush mono-
layer following the jump-in and at the end of kinetic mea-
surements are shown as insets. (b) Kinetics of the brush
monolayer thinning measured after the aging of the film for
(1) 25, (2) 9, (3) 5, (4) 2and (5) 1 days after deposition.

have been done in which brush layer was deposited
only on onemicasurface. In this case, we also observed
a jump-in, flattening of the contact, and spontaneous
thinning of the brush monolayer. The surface separa-
tion following the jump-in was 305 + 6 A, close to the
calculated brush thicknessh =302 + 10 A. Thethinning
behavior D(t) with time shown in Fig. 8 resembled that
of the brush bilayer, suggesting the similarity of the
thinning mechanism. The fitting parameters of the
exponential decay (solid line in Fig. 8a) are approxi-
mately twice smaller than for the two opposing brushes.
The radius of the flattened contact area for the mono-
layer just after the jump-in was generaly smaller than
for the bilayer case (3, = 10-15 pum). However, it
should be noted that the shear behavior of the mono-

layer was found to be principally different from that of
the bilayer film [26].

An important observation, which we deduced from
the kinetic measurements, isthe stability of the polyiso-
prene monolayer toward cross-linking and dewetting
from the mica surface. Usually measurements were
completed within a couple of days to avoid dramatic
changes to the specific brush architecture in the mono-
layer. Measurements on one sample have lasted for
25 days, when the box was kept in clean nitrogen envi-
ronment and shortly exposed to white light for mea-
surements. As seen from Fig. 8b, theinitial thickness of
the film, as well as the kinetic curves of the monolayer
thinning are within the scatter we normally had for dif-
ferent contact positions. Moreover, the homogenous
shape of the fringes on approach and in contact also
confirmed the stability of the monolayer.

Another argument in favor of the high physical sta-
bility of the LB monolayersfrom PI-X was obtained by
the AFM measurements of the monolayer, which
showed homogeneous surface with the mean roughness
of about 5 A (Fig. 9). This investigation did not reveal
any signs of dewetting or inhomogeneous domains
even after 6 months of aging in aclean dry atmosphere.

3.4. Mechanism of Contact Thinning

Earlier we presented asimplified treatment based on
the JKR model to evaluate the total compressive force
F, acting on the molten brush monolayers in adhesive
contact [27]. Here, we make use of the result of this
treatment to consider further the process leading to the
thinning of the brush layers when in adhesive contact.

We now assume that we may apply the hydrody-
namic Reynolds's equation [28] relating the approach
rate (dD/dt) of adisk of radius r, paralel to aflat sur-
face a distance D away (D < r,,), when compressed at
pressure P across aliquid of viscosity n (Fig. 10):

dD/dt = —2DP/(3nr}). (8)

In order for this to be valid for the compression of
the melt brushes in a thin gap between two disks of
radius r,, we have to assume, first, that the contact pres-
sure is uniformly distributed within the contact area
when the contact is formed, and, second, that the pres-
sure distribution holds the hydrodynamic conditions of
the extrusion of a liquid film from a gap described by
the geometry of adisk and aflat surface, asin Fig. 10.
Then we can substitute in Eq. (8) for the pressure, cal-
culated from the total compressive force F,, acting on
the molten brush monolayers in adhesive contact:

P =Fy/(Tir?). ©)

This is a simplification in view of the strong pres-
sure maximum in the center of the contact disk. Never-
theless, if we substitute in (8) for (9) we obtain

dD/dt = —2D3F,/(3NTtrg). (10)

COLLOID JOURNAL Vol. 66 No.1 2004
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For more convenient analysis of the experimental
data, we integrate Eq. (10) using boundary conditions
Dt=0 = DO and D(t) = Dt

(3Tre/4)[1/D? —1/D2] = (Fy/n)t. (11

This method is frequently used to measure molecu-
lar forces and digjoining pressurein foams or surfactant
thin films, and even to calculate the Hamaker constant
[29]. For relatively thick films, which are our case, P is
determined mainly by the changes in the Laplace pres-

sure. In this case, function (l/Df - 1/D§) = f(¢) should

be a straight line going through zero. Any deviations
from the linear dependence can provide information on
the thinning mechanism, in particular on the relaxation
of the elastic compressive stress in PI-X brush mono-
layers. Figure 11 shows the linearized dependence

Fy

T'o

Fig. 10. Schematic of the extrusion of aliquid film out of the
thin gap D between two flat disks of radiusr, under the nor-
mal load Fy and the geometry of the contact relevant to
Egs. (9)—(11).
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(using Eq. (12)) of film thickness D versus the duration
of the contact for PI-X brush melt bilayer and mono-
layer. In this case, the slope of the curve represents the
relation between the compressive force and effective
viscosity of the polymer film [Eqg. (11)].

It was shown earlier [26] that the kinetics of extru-
sion of the polymer film in the first seconds following
the jump-in can be adequately described by the sug-
gested model putting in Eq. (10) the bulk viscosity of
polyisoprene. Here we present amore detailed analysis,

31U8/4(1/D?—1/D}§) % 10, m?

logNegr [Pa s]
14 4}
12+
3 -
10
oy 2r 1 1 1 1 S ’O
1 2 3logt[s] .- L4
o
6 ~ O o@-° - °
e
4 = :l’ W‘OJ~
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2k )’, 02
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Fig. 11. Kinetics of the polymer film thinning, linearized
using Eq. (11) for (1) the PI-X brush melt bilayer and
(2) monolayer. Inset: schematic of the displaced bilayer vis-
cosity versustime.
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which shows that the effective viscosity of the film in
the gap grows fast from itsinitial value to much higher
value (inset to Fig. 11). We may, at thislevel of approx-
imation, estimate the compressive force according to
the relation F, = Cy,R with C = 4.6, y, = 31 mJm?* and
R =1cm[27]. Putting these valuesin Ifq. (11), weobtain
the value of the effective viscosity of the PI-X films
(about ten minutes after the jump-in) of order of 10° Pas,
which is an order of magnitude higher than the viscos-
ity of bulk polyisoprene of the same molecular weight
(230 Pas). Thisresult is very much in line with earlier
observations on increased viscosity in thin filmsin a
gap compared to the bulk values of the same material
[19, 30-32].

Interestingly, the linearized kinetic curves for the
monolayer and bilayer of brush melts are very closeto
each other in the initial and intermediate period of the
contact. On molecular level, it means that the differ-
ences in the polymer film architecture do not enter the
thinning mechanism following the jump-in.

4. CONCLUSIONS

Dense PI-X melt brush layers (an order of magni-
tude denser than in previous melt brush studies) were
created on mica viathe LB deposition. Their integrity,
thickness and behavior on confinement once they had
come into adhesive contact were determined using an
SFA both for bilayers (a brush on each interacting mica
surface) and for a monolayer (a single brush layer fac-
ing a bare mica surface). Once the layers had jumped
into adhesive contact, the progressive thinning of the
confined melt brushes occurred, slowing down from an
initialy rapid rate. The residual film thickness after a
few hours of extrusion of the polymer brushes from a
gap is(0.5-0.7) of their initial thickness. The presented
model for the polymer film extrusion from the small
gap is based on the idea that compressive contact pres-
sure in the adhesive contact provokes the chains to
move laterally via the dliding of the zwitterionic
anchoring groups on the surfaces. The kinetics of thin-
ning of the layers can be quantitatively described using
asimplified treatment based on the JKR model together
with a Reynolds equation describing the extrusion of a
liquid from aflat gap.
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