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Static and dynamic profiles of tethered polymer layers probed
by analyzing the noise of an atomic force microscope

Andreas Roters, Martin Gelbert, Martin Schimmel, Ju¨rgen Rühe, and Diethelm Johannsmann*
Max-Planck-Institute of Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

~Received 19 March 1997!

We have analyzed the thermal noise of the cantilever of an atomic force microscope, which is dominated by
Brownian motion. The noise power spectra display the resonance properties of the cantilever, and are influ-
enced by the cantilevers immediate environment. Fitting Lorentzians to the noise power spectra, we can derive
a friction coefficient, an effective spring constant, and an effective mass. The dc force onto the cantilever is
obtained from the static offset. When approaching the cantilever to surfaces covered with tethered polymer
layers, we find a strong increase in the friction coefficient. We ascribe this to the breathing mode. At shorter
distances there is an increase in spring constant indicative of an elastic interaction. The dc force and the
effective spring constant show markedly different behavior.@S1063-651X~97!06209-0#

PACS number~s!: 61.16.Ch, 61.25.Hq, 68.45.Nj, 81.40.Pq
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INTRODUCTION

Polymeric adsorbates at surfaces play an important rol
many areas of technology such as colloid stabilization@1#,
adhesion@2#, lubrication @3#, tribology @4#, chromatography
@5#, and rheology@6#. The physical properties of biopolymer
attached to the cell surface are crucial for the structure,
stability, and most notably the interaction of the cell with
environment@7#. The structure and dynamics of such pol
meric adsorbates as well as their response to perturba
has therefore attracted a great deal of scientific interest@8#.
‘‘Tethered layers,’’ which are systems of terminally grafte
linear polymer chains, have been intensely investiga
@9–12#. For a sufficiently high grafting density there
strong lateral chain overlap and the increase in osmotic p
sure leads to chain stretching@13,14#. These systems ar
called polymer brushes. The covalent attachment at one
makes brushes a clean model system. On the other hand
peculiar boundary conditions of terminal attachment lead
a polymer conformation and dynamics different from po
mers in the bulk.

Considerable understanding has been gained in the
about the structure of neutral polymer brushes. Data obta
with neutron scattering@15,16# and reflection@17,18#, mean-
field calculations@19–21#, and numerical simulations@22–
25# have resulted in a fairly consistent picture of polym
brushes immersed in solvents of varying quality. Less
known about the dynamics and the interaction of brus
with—for instance—an immersed hard sphere, an oppos
wall @26–28#, shear flow @4,29–31#, or another brush
@26,27#. The surface forces apparatus~SFA! has been used to
probe some of these interactions@26–28#. For example,
Tauntonet al. @26# found a monotonous repulsion betwe
two brushes extending to a range roughly correspondin
the length of the adsorbed chains.

*Author to whom correspondence should be addressed.
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It has been realized for a while that the atomic force m
croscope~AFM! @32# has a great deal of conceptual simila
ity to the surface forces apparatus. The advantages lie in
lateral resolution and speed. In this work we build on t
speed advantage to obtain dynamic information. On the o
hand, forces and the distances are harder to quantify in
AFM than in the SFA. Difficulties in accounting for the ti
geometry are another source of complication. Soft surfa
exerting only weak forces onto the tip such as polym
brushes or living cells are difficult to image@4#. The tip
easily penetrates into the sample. Force modulation@33,34#,
the ‘‘noncontact mode’’ @35#, and the ‘‘tapping mode’’
@36,37# have been shown to circumvent these problems
some extent, either by relying on dynamic interactions or
reducing the time of contact.

Noise analysis can be used in a variety of ways to obt
information on either the AFM cantilever@38–42# or the
tip-sample interaction@43#. In a recent publication@44# we
showed that measuring the thermal noise spectrum of
cantilever is another way to obtain both dynamic and sta
information on soft samples. Figure 1 illustrates the pr
ciple. Instead of actively modulating the cantilever, we re
on its Brownian motion. Noise measurements have a num
of advantages. They can be done with any AFM instrum
without additional equipment. They minimize the distu
bance to the sample. Most prominently, the multiplex adv
tage is gained because information is extracted simu

FIG. 1. Schematic description of the experimental setup.
3256 © 1997 The American Physical Society
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neously from a bandwidth of about 25 kHz. We make use
this ‘‘multiplex advantage’’ in two ways. First, we can easi
recognize and discard experimentally anomalous situat
because they result in an irregular noise spectrum.
Lorentzians contain the effective mass as a fit parame
which is not obtainable with active modulation techniqu
The low amplitude ensures that we are in the regime of lin
response, which is not necessarily true for the tapping mo
Finally, we can directly obtain the spectrum of frequenc
dependent friction, which opens the way to local dynam
spectroscopy. We will treat this aspect in a separate pub
tion @45#.

The most severe disadvantage of the technique is the
sibility of nonthermal noise sources. Electronic noise at d
crete frequencies, however, is easily noticed and can be
ther subtracted or eliminated. We checked for nonther
acoustic noise by deliberately introducing it, and found t
it is much smaller than thermal noise under standard co
tions. Some 1/f noise at low frequencies, on the other han
can usually not be eliminated. Frequencies less than a
200 Hz therefore have to be analyzed with caution. Anot
limitation for noise measurements is that they can only
done with soft cantilevers. Because the thermal rms displa
ment^z2&1/2 depends on the inverse of the spring constank
through^z2&}kT/k @40#, the Brownian noise is covered b
nonthermal noise, if the spring constant is too high.

Interestingly, elastically suspended mirrors in a gase
environment were used in the 1920s to study Brownian m
tion. Experiments in liquids are more complicated becaus
the hydrodynamic aspect. Fluid backflow introduces a lo
time tail in the autocorrelation function@46#. The effective
mass is not the mass of the mirror alone. For complica
geometries such as a cantilever immersed into a poly
brush, a rigorous treatment is impossible, and hydrodyna
effects are a major problem in the analysis. Note, howe
that all other dynamic modes of the atomic force microsco
have to deal with hydrodynamics in the same way. The sm
amplitudes of motion encountered in noise measurements
even advantageous because they ensure low Reynolds
bers@44#.

We reported on the noise spectrum in liquids and gase
different densities and viscosities as well as the on the
havior when approaching the cantilever to a solid surf
@44#. A hydrodynamic coupling of the cantilever to the su
face was observed at tip-sample distances which roughly
respond to the dimension of the cantilever. This coupl
only affects the friction coefficient. In the present publicati
we show that surfaces covered by thick polymer brushes
fect the noise spectra of AFM cantilevers much differen
than a hard glass surface. Thick polymer brushes displa
extended transition region where the dynamic properties c
tinuously vary from rubbery to liquid. We believe that man
other soft surfaces display a similar transition region.

The tethered layers studied here were prepared by
‘‘grafting-from’’ approach@47–50#, in which the polymer is
formedin situ at the surface of the substrate by radical ch
polymerization from a self-assembled monolayer of an
tiator. The grafting-from procedure is particularly success
with respect to the achievable grafting densities and la
thicknesses. It by far exceeds those obtained with ‘‘grafti
to’’ procedures, where preformed polymers are reacted w
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appropriate surface sites. The reason is that for grafting fr
the limiting factor is the diffusion of monomers towards
growing chain rather than diffusion of polymers to the su
face. Following the grafting from approach, polymer mo
ecules with molecular weights up toMw553106 g/mol
have been attached to the surfaces with high graft densi
Films with thicknesses of more than onemm in the dry state
have been obtained. The molecular weights of the polym
can be measured after cleaving an ester bond, which is
of the anchor group.

We show viscoelastic profiles on three poly-~methyl-
methacrylate! ~PMMA! tethered layers with dry thicknesse
of 5, 28, and 190 nm as well as an empty sample for re
ence. The ambient medium was toluene. When tethered
ers are immersed into a solvent, the osmotic pressure ind
swelling. In equilibrium the osmotic pressure is balanced
the tensile force of the stretched chains@13,14#. There are
numerous theoretical and experimental studies on the
sponse of a swollen brush to vertical compression by eith
flat surface or another brush@26–28,51,52#. The response to
an approaching AFM tip was recently investigated
Overney et al. @53#. Murat and Grest@54# performed a
molecular-dynamics simulation modeling this experime
Overneyet al. @53# presented data on the static forces and
the response to a 3-kHz modulation of the tip height. T
response to the ac modulation was quite irregular. App
ently, the ac modulation constitutes a severe disturbanc
the brush leading to fluctuating structural rearrangements
we show below, noise measurements are more suitable
dynamic investigations on polymer brushes because the
namic disturbance is minimized. We obtained smooth p
files of the viscous and the elastic modulus of compress

THEORY

We model the cantilever as an elastically suspen
sphere which experiences random forces from its envir
ment @55#. The statistical motion of such a particle is d
scribed by the Langevin equation

d2z~ t !

dt2
1g

dz~ t !

dt
1v0

2z~ t !5
1

m
R~ t !, ~1!

where z is the displacement,v05(k/m)1/2 the eigenfre-
quency,g5j/m the damping constant,j the friction coeffi-
cient, k the spring constant,m the mass, andR(t) the ran-
dom force. In Newtonian liquids the power spectrum of t
random force does not depend on frequency. The parame
g, v0 , andm are effective parameters which depend on
cantilever’s environment. By virtue of the fluctuation
dissipation theorem the noise power spectrumduz2u/dv cor-
responds to the imaginary part of the cantilever’s mechan
susceptibility and is

duz2u
dv

5
Ag

~v0
22v2!21g2v2 5

kT

pm

g

~v0
22v2!21g2v2 ,

~2!

with A5kT/pm the oscillator strength andkT the thermal
energy. From the quantitiesA, v0 , andg we can derive the
effective massm, the effective spring constantk, and the
friction coefficientj as
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3258 56ANDREAS ROTERSet al.
m5
kT

pA
, ~3a!

k5v0
2 kT

pA
, ~3b!

j5g
kT

pA
. ~3c!

A fourth parameter automatically obtained is the dc fo
Fdc, which is proportional to the time-averaged displac
ment of the cantilever. Here we focus on the fact that
effective parameters depend on the cantilever’s environm
The friction coefficientj is often expressed asj56phR
with R the hydrodynamic radius of a hypothetical equivale
sphere andh the viscosity. For a cantilever the hydrod
namic situation is more complicated. However, the fricti
coefficient still is a measure of the local viscosity.

MATERIALS

The synthesis of the polymer tethered layers followed
‘‘grafting from’’ approach as depicted in Fig. 2. Details a
described in Refs.@47–50#. Table I summarizes the cond
tions of polymerization and the properties of the differe
samples. Briefly, the first step is the immobilization of
initiator for free radical polymerization at the surface of
silicon wafer. Other oxidic substrates can be used as w
The initiator used is a derivative of azo-bisisobutylnitr
~AIBN !, which is attached to the wafer via a monochlorsi

FIG. 2. Synthesis of tethered polymer layers by the ‘‘grafti
from’’ approach. The initiator is self-assembled on a silicon ox
surface. The polymer growsin situ by free radical polymerization
from that surface-bound initiator.
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moiety. Subsequently, the polymerization is thermally in
ated in a solution of monomer. We report on PMMA tether
layers. After polymerizing for some hours at 60 °C, t
samples are rinsed with solvent and undergo Soxhlet ext
tion for 15 h to remove physisorbed polymer. The dry thic
nesses are determined by surface plasmon spectroscopy@56#
and waveguide spectroscopy@57#. The molecular weight of a
given sample isa priori unknown. However, we can infe
the molecular weight from other experiments using lar
substrates as well as high surface area silica gels. The gra
polymer was cleaved off the surface after polymerization a
investigated with size exclusion chromatography and st
light scattering. For sample PMMA190, these measureme
yield Mw5800 000 g/mol. For thinner layers, the molecul
weights given in Table I have been inferred from other e
periments with analogous conditions but larger surfaces
obtain more amount for analysis. The polydispersity ty
cally is in the range ofMw /Mn52 – 3. From the total mass
and the molecular weight the number of chains per unit s
face and the distance between two grafting sites can be
mated. The dimensionless grafting densitys,1, which is
the ratio of the minimum area per segment divided by
area per chain is another useful number. While samp
PMMA28 and PMMA190 clearly are well in the brush re
gime, sample PMMA5 is closer to what should be called
‘‘mushroom’’ because the overlap between adjacent cha
is quite small.

EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

Details of the experimental procedure were published
Ref. @44#. Figure 1 schematically depicts the principle. T
instrument was a TMX 2010 from TopoMetrix. We use
V-shaped silicon nitride cantilevers. The tip has the shap
a pyramid with an opening angle of about 70°. The height
the pyramid is about 2.9mm. It should be kept in mind tha
a large part of the tip interacts with the polymer laye
Therefore the tip radius at the end is of minor importanc

The rms noisê z2&1/2 is about 3 Å. It is easily detected
Only the fundamental resonance was in the accessible ra
of frequencies. In air the resonance frequencies typically
about 40 kHz with aQ factor of about 20. In liquids the
resonance frequencies decrease to about 10 kHz and thQ
factors are about 2.

For determining the viscoelastic profile we worked in
liquid cell. The vertical tip-sample distance is adjusted by
z piezo of the scanner, while thex andy piezos are discon-
l

TABLE I. Material parameters for the tethered layers.

Sample PMMA5 PMMA28 PMMA190

polymerization temperature 60 °C 60 °C 60 °C
monomer concentration 4.96 M 4.96 M 4.96 M
polymerization time 0.42 h 1.5 h 8 h
molecular weightMw 20 000 g/mol 120 000 g/mol 800 000 g/mo
grafting distance 14 nm 7 nm 3 nm
dimensionless grafting density 0.003 0.01 0.06
dry layer thickness 5 nm 28 nm 190 nm
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FIG. 3. Noise spectra obtained during the approach to sample PMMA190~b! and an empty glass slide~a!. The numbers in the figure give
the tip-sample distance. The noise spectra are influenced by the presence of a surface in both cases. However, the effects are mu
for a cantilever touching a brush.~c! displays the same data as~b! as velocity spectra. Velocity spectra are more easily visually analyzed
the displacement spectra. The low frequency excess noise in part~b! is attributed to viscoelastic relaxation@45#.
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nected. We had to include a low pass filter with a cut
around 150 Hz into the driving electronics of thez piezo to
get rid of the noise from the piezo driver. The ‘‘pictures
taken in that configuration contain only noise. The sampl
rate was 32 kHz~limited by the instrument!. At frequencies
higher than about 25 kHz the fits show that the data
affected by aliasing@58#. We therefore do not show dat
from frequencies above 25 kHz. We took one ‘‘picture’’ co
taining 131 072 pixels~corresponding to a data acquisitio
time of 4 s! for each height. All pictures were taken in a
proach, i.e., the profiles were measured with the height
creasing between successive data points.

Before doing the Fourier transformation, we subtracte
straight line from each data string in the time domain. In t
way both the static offset and a linear instrumental drift
eliminated from the analysis. The drift mainly originat
from a relaxation of thez piezo after changing its driving
voltage. The static offset can be converted to a dc force
is one of the parameters of interest in the profile determ
tion.

The spectral noise power density is obtained by Fou
transformation of data strings of 1024 pixels each. We u
an algorithm from ‘‘numerical recipes’’@58# with suitable
apodization. In general, apodization is uncritical because
data do not contain narrow lines. Parallel to data taking
monitored the noise with a Fourier analyzer~HP 35670A!
connected to the analog output of the quadrant detector.
ter moving the sample stage we observed some irregular
cess noise, which usually disappeared within a few seco
Therefore we waited 4 s after each movement of the samp
stage to allow for equilibration.

The statistical error on the noise spectra is in the rang
f
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e
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e
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of

10%. Although the statistical error can certainly be reduc
by longer integration, slow measurements suffer from inst
mental drifts. Altogether, data acquisition for one distan
profile such as the ones displayed in Fig. 4 takes abou
min.

Height calibration is not trivial. For sufficiently thin lay
ers, there is a well-defined kink in the force-distance cu
which is a good choice for zero distanceD50. At that same
height, the thermal noise discontinuously disappears leav
only nonthermal noise at discrete frequencies. The interp
tation is that for sufficiently thin layers, the tip can dive in
the layer until it touches the substrate at some discrete he
D50. Although the ‘‘dynamic’’ procedure is independe
from the procedure using the force-distance curve, the va
coincide for sufficiently thin layers. For thick and den
brushes like sample PMMA190, neither method works w
Both the slope of the force distance curve and the no
amplitude continuously approach their final values. No cl
point of ‘‘contact’’ can be identified. Apparently, the tip can
not touch the bottom of thick brushes in the same way as
thin layers. There is a genuine uncertainty in the origin of
D scale for these thick brushes. For sample PMMA190
estimate this uncertainty to less then 50 nm, which is qua
of the dry thickness.

The analysis critically requires that the origin of noise
indeed the thermal Langevin force@59#. Any electronic noise
is much lower than the mechanical noise as evidenced w
looking at cantilevers sitting on a solid surface. Sometim
there are electronic peaks in the spectrum@cf. the small peak
around 5 kHz in Fig. 3~b!# which can be recognized an
subtracted.

We can infer that the nonthermal noise is not domin
from the fact that the spring constants calculated from th
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FIG. 4. Profiles of friction coefficientj ~a!, effective massm ~b!, dc force~c!, and effective spring constantk ~d!.
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mal noise roughly match the values calculated according
Ref. @60#. We focus our investigations on changes of t
noise spectrum, when the cantilever approaches the sam
rather than on absolute numbers. Nonthermal noise does
critically affect our conclusions.

RESULTS AND DISCUSSION

Figure 3~b! shows a typical set of noise spectra taken
sample PMMA 190 for various tip-sample distances. F
comparison the noise spectra for an empty sample are g
in Fig. 3~a!. While the resonance is clearly visible at larg
tip-sample distances, the cantilever is highly overdam
when the tip is immersed into the brush. Evidently, t
damping is much stronger for brushes than for the em
glass slide.

The features of overdamped Lorentzians are more ea
recognized, when the noise spectrum of velocities is d
played instead of the displacement noise. In the freque
domain this simply amounts to a multiplication withv2.
Figure 3~c! shows the same data as Fig. 3~b! displayed as
noise of velocities. Discussing velocity spectra rather th
displacement spectra has the following advantages.

~i! The maximum occurs at exactlyvmax5v0, as opposed
to vmax5(v0

22g2/2)1/2 for the displacement spectra.
to

le,
ot

n
r
en

d

ty

ily
-

cy

n

~ii ! The half-band-width is equal tog.
~iii ! The noise power at maximum is (duvu2/dv)max

5A/g5kT/pj.
~iv! In the limit of g@v0 ~highly overdamped oscillation!

the fit does no longer sensitively depend onv0 because the
velocity spectrum is very flat at the maximum. The ha
band-width cannot be read either, because the h
frequency wing of the maximum extends beyond the sa
pling rate. However, the noise amplitude at maximum, wh
is A/g5kT/pj, is well measured. Also, the curvature at lo
frequencies, which isj/k2, still is precisely determined
Therefore bothj andk are determined with small error bar
even in the overdamped case. The sensitivity to the effec
mass, however, is lost in the overdamped case. The ine
term in the Langevin equation becomes negligible in ve
viscous environments.

Because the features of the velocity spectra like peak
sition, peak maximum, and bandwidth are in a simple w
connected to the fit parameters, the velocity spectra can
visually inspected. For example, one can directly read fr
Fig. 3~c! that v05(k/m)1/2 increases belowD50.5mm.
These conveniences go back to the fact that in the o
damped case the motion of the cantilever approaches
Brownian motion of a quasifree test particle. For Browni
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motion, particle velocity is the quantity of interest rather th
particle position.

The fits in Fig. 3~b! are Lorentzians. In the low-frequenc
range the data points lie above the fits. In a forthcom
publication@45# we argue that this is indicative of viscoela
tic dispersion. Here we neglect viscoelasticity and use sim
Lorentzians@Eqs. ~2! and ~3!#. During the minimization of
x2 we assumed that the cantilever noise is Gaussian, w
implies an error bar of 9% on each data point. An error
9% corresponds to (128)21/2, 128 being the number of av
eraged data strings. In order to obtain small error bars on
fit parameters of the Lorentzians, we had to apply an ad
tional statistical weight which reduces the influence of
low-frequency anomalies. We chose that statistical weigh
be proportional tov2. This is equivalent to fitting the veloc
ity spectra with no weight at all. These fits are displayed
Fig. 3~c!.

From fits like the ones shown in Fig. 3, we obtain distan
profiles of the friction coefficientj, the effective massm,
and the spring constantk. The DC forceFdc is obtained from
the static offset. Figure 4 shows the derived parameters
three PMMA tethered layers with dry thicknesses of 5,
and 190 nm as well as data taken on an empty glass s
The distanceD was taken from the driving voltage of thez
piezo, where a correction for the cantilever displacement
applied.

One could formally convert the friction coefficient to
local viscosity using the equationj56phR, which holds for
sphere in stationary flow of homogeneous solvent. Howe
because the geometry is so complicated we do not think
this conversion of data gives any new insight. Genera
speaking, the cantilever’s hydrodynamic radius derived fr
the friction coefficient at infinite distance and the viscosity
toluene (hTol;0.6 cP) @61# is 30 mm, which matches the
dimension of the cantilever.

The profiles given in Fig. 4 quantify various interactio
between the tethered layers and the tip. We find strong
fects for sample PMMA190, and weaker~but significant!
effects for sample PMMA28. For sample PMMA5 the d
ferences from an empty glass slide are quite marginal.
elastic interaction is observed at all. Since sample PMM
is dilute ~grafting distance 140 Å!, such a weak interaction i
reasonable. We searched for a time evolution of the fit
rameters by doing fits on subsequent subsets of the data
did not find any systematic drift during the 4 s ofdata acqui-
sition. We always took data at different spots of the sam
and found only slight variations, which we do not discuss
the following. Since we work in good solvents, laterally h
mogeneous films are expected@62#. AFM pictures of dry
films looked smooth. The rms roughness was about equ
the rms roughness of the substrate.

In general, it would certainly be desirable to infer stru
tural information about the layers from the profiles in Fig.
Note that noa priori assumptions about the profile~e.g.,
parabolic@20,21#! can be made because the molecular wei
distribution is not known with sufficient accuracy@63#. The
determination of the density profile from the interaction w
an AFM tip seems impossible for different reasons. First,
interactions probed represent a convolution of many inte
tions between different chains and different parts of the c
tilever. Even if the geometric problem could be solved
g
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thorough understanding of the dynamical behavior as wel
hydrodynamics involved would be needed. However, in
plication one is often primarily interested in the interacti
rather than the structure of a polymer brush. A typical pa
ner of interaction would, for instance, be a small colloid
particle. We consider the AFM tip as a model of a colloid
sphere interacting with the tethered layer. The dynamical
teraction is of interest in itself, even though the structure
the brush can probably not be inferred from the interact
beyond some estimates of the brush thickness.

Looking at the profiles in more detail, we find that th
profile of the friction coefficient and the effective mass@Figs.
4~a! and 4~b!# are quite similar. They show a long-rang
interaction mediated by the liquid environment, which
present even for an empty glass slide. The long-range
cous interaction between AFM cantilevers and solid surfa
is discussed in detail in Refs.@44# and @64#. The viscous
coupling to a surface results from the fact that the solv
can only escape sideways. In the presence of a polymer l
the increase in friction coefficient is much enhanced. A s
nificant increase is observed even forD52.5mm in the case
of sample PMMA190. The profile of the dc force and th
spring constant as well as mean-field calculations@21# make
us believe that the brush itself does not significantly exte
beyondD51.5mm. However, the friction coefficient atD
52.5mm for sample PMMA190 is higher than the frictio
coefficient for an empty glass slide atD51 mm. 1 mm here
corresponds to the difference between the position of the
~2.5 mm! and what could be at most considered the ‘‘ou
edge’’ of the brush. If one would place a ‘‘virtual interface
somewhere at the outer edge of the brush, this interf
would still induce a higher friction in the movement of
nearby particle than an equivalent solid interface. In hyd
dynamic terms, a virtual interface seems plausible. The lo
tion of that interface would be the ‘‘hydrodynamic thick
ness,’’ beyond which hydrodynamic screening is too stro
to allow free draining of solvent. However, the virtual inte
face only gives the correct hydrodynamic boundary con
tions, if it yields to vertical pressure, thereby dissipating e

FIG. 5. The inverse of the friction coefficient 1/j vs distanceD.
At large distances simple lubrication would result in a straight l
intersecting the abscissa at the ‘‘hydrodynamic thickness’’@3,72#.
As the figure shows, this simple picture does not apply.
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ergy. This motion of a tethered layer has been called th
‘‘breathing mode’’ @65–67#.

In contrast to a solid surface, a brush may dissipate e
ergy by letting itself be compressed vertically. A solid sur
face deviates all vertical flow to lateral motion without yield-
ing vertically. This assumption is implicitly contained in the
semiquantitative model by Gu¨thner, Fischer, and Dransfeld
@64# which was developed to model the near-field acoust
microscope. Vertical compression opens a channel of dis
pation which is not present for solid interfaces.

Reynolds treated the friction coefficient of a sphere ap
proaching a flat surface as early as 1886@68#. In the deriva-
tion he assumed the ‘‘lubrication limit,’’ which states that
the gap is much smaller than the other dimensions. He fou
that

j5
6phR2

D
5j0

R

D
, ~4!

with R the sphere radius,D the gap width, andj056phR
the friction coefficient without a surface present. Equatio
~4! has been extensively tested experimentally@69–71#.
Klein and co-workers modified Eq.~4! to take polymer lay-
ers into account@3,72#. They wrote

1

j
5

1

j0

D22LH

R
, ~5!

with LH the ‘‘hydrodynamic thickness’’@73,74# of the brush.
The factor of 2 occurs because both surfaces were cover
by brushes in the experiments by Klein and co-worker
@3,72#. When plotting 1/j vs D, a linear relation was ob-
served at large distances. The extrapolation of this line
infinite friction ~lubrication! yielded the hydrodynamic thick-
ness. For the sake of comparison we display the inverse
the friction coefficient vs distance in Fig. 5. Clearly, Eq.~5!
is not observed and the hydrodynamic thickness cannot
defined. Most likely this failure is due to the small size of the
tip. The lubrication approximation is not fulfilled. We plan to
glue small spheres to the tip in order to vary the effectiv

FIG. 6. Static force gradient¹Fdc and spring constantk for
sample PMMA190. The equalityk2k`5¹Fdc is not observed. In
particular, the spring constant displays a tail at large distances n
present in the profile of the dc force.
e

n-
-

c
i-

-

d

n

ed
s

to

of

be

e

radiusR. It should be interesting to see at what sphere s
the cross over to ordinary lubrication occurs. In particular
should be interesting to see whether this critical radius
pends on the brush thickness. This can be expected bec
the ‘‘breathing modes’’ presumably have a lateral extens
of about the brush thickness@67#.

The increase of effective mass qualitatively follows t
friction coefficient. The effective mass is higher than t
cantilever’s proper mass because a part of the adjacent e
ronment takes part in the movement, and therefore cont
utes to the system’s inertia. The increase of effective m
with increasing friction is a consequence of accelerated m
tion. When the viscosity increases, the comoving volu
increases and thereby the effective mass. The thicknes
the comoving volume is in the order of the penetration de
of shear sound at the resonance frequency.

The decays of the DC force and the spring constant@Figs.
4~c! and 4~d!# are much steeper than the decay of the fricti
coefficient. The elastic interactions appear to be intrinsica
short ranged. We do not find any long-range elastic inter
tion between an empty glass surface and an AFM tip. Co
paring the profiles of DC force and spring constant, we fi
that the excess effective spring constant (k2k`) is not equal
to the derivative of the DC force¹Fdc. This equality is
usually observed in vacuum and is used as a contrast me
nism in the ‘‘noncontact’’ mode of the AFM. Figure 6 show
the force gradient¹Fdc and the excess spring constantk
2k` for sample PMMA190 explicitly. The difference be
tween static force gradient and effective spring const
probably originates in a time dependence of the elastic in
action. The existence of slow dynamics is independently
dicated by the viscoelastic dispersion@45#.

Interestingly, the difference between the static force g
dient ¹Fdc and the spring constantk is most prominent in
the tail of the profile of sample PMMA190. We find a sig
nificantly increased spring constant up to tip-sample d
tances of 1.5mm, while the dc force decays to the bulk valu
at around 1mm. We are not sure whether this proves that t
segment density profile extends to 1.5mm.

From the elastic interaction the thickness of the swol
brush can be assessed. The scaling and mean-field the
@13,14,20,21# predict that the thickness of a swollen bru
scales ash;(v/a2)1/3N, with v the excluded volume param
eter,a the grafting distance andN the number of monomers
per chain. Inserting the numbers from Table I the scaling l
predictsh190/h28;12. From Fig. 4 we read that this ratio
between 10 and 15, depending on whether the spring c
stant or the dc force are used for assessing the brush th
ness. The swelling ratiosh/hdry are 3 and 6 for sample
PMMA28 and PMMA190, respectively.

Murat and Grest have recently calculated the dc fo
onto an AFM tip@54#. The tip was modeled as sphere sittin
on a cylinder. They find that the force per unit area onto
small AFM tip is much weaker than the force onto a fl
surface because the tip penetrates into the brush and late
displaces the chains rather then compressing them vertic
We can qualitatively confirm that picture for sampl
PMMA5 and PMMA28 because we see a discontinuous d
appearance of noise at a certain position. This is interpre
as the tip touching the substrate and is used for height c
bration. For sample PMMA190 we do not find such a d
continuity. Apparently the tip is not able to penetrate to t

ot
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bottom of the brush. Note that the tip used in the calculat
was cylindrical while our tip has pyramidal shape. A rou
calculation of the compression modulus for Alexand
brushes@29# yields higher forces than the ones we find e
perimentally. This also corroborates the interpretation t
the tip dives into the brush.

CONCLUSIONS AND OUTLOOK

We have obtained static and dynamic force-distance p
files of tethered polymer layers swollen in a good solve
The method relies on the spectral analysis of the noise o
AFM tip immersed into the layer. By fitting the noise spec
to Lorentzians, we obtain distance profiles of the fricti
coefficient, the effective spring constant, the effective ma
and the dc force. The profile of the effective mass clos
follows the profile of the friction coefficient. The friction
coefficient profiles display a long-range viscous interacti
which exceeds the viscous interaction between the cantil
and glass surface. We ascribe this increased interaction t
breathing mode. For sufficiently dense brushes, we obser
dc force and an increase in the effective spring const
Both the dc force and the effective spring constant fall
with distance much faster than the friction coefficient. T
s

b,

T

y

J

K

n

r
-
t

o-
t.
an

s,
y

,
er
the

a
t.
f

increase in spring constant is not equal to the force gradi
which is attributed to the different time scales involved.

In the future, we want to increase our instrumental ca
bilities by reducing the electronic noise, reducing instrume
tal drifts, and enlarging the bandwidth. If a substantial g
in sensitivity can be achieved, two modifications of the e
periment seem feasible. First, harder cantilevers can be u
which should allow dynamic investigations on harder int
faces like the surface of a weakly crosslinked rubber in
Second, it should be possible to use larger tips and
which carry a sphere at their outer end. This could simply
a glass sphere with the purpose of creating a well defi
geometry. It could, however, also be a sphere covered w
another brush or any kind of functional interface. It shou
be interesting to compare the static interaction of t
brushes as measured with the surface forces apparatus t
dynamic interaction accessible with noise analysis of
AFM tip.
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@47# J. Rühe, Habilitation-thesis, Universita¨t Bayreuth, 1995.
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